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Abstract
The oxidation o f certain 2-alkyl-3-hydroxynaphtho-1,4-quinones, pyrimidines and 
nucleosides by hydrogen peroxide, catalysed by 5,10,15,20- 
fefr*tfHs(pentafluorophenyl)porphine iron(HI) chloride is investigated. This 
catalyst is particularly efficient in the oxidation o f the hydroxynaphthoquinones; 
a proposed epoxide product which was not isolated reacts further to give low 
yields o f a dehydro dimer and an oxoindane carboxylate, which are fully 
characterised. The mechanisms o f formation o f these secondary products from 
the primary epoxide product are discussed. Oxidation o f certain pyrimidines and 
nucleosides using the same catalyst-oxidant combination proceeds in low yield to 
give unisolatable products, or none at all. Thus, the catalyst-oxidant system is 
suitable in certain cases as a biomimetic method for the preparation o f larger 
amounts o f material to complement in vivo studies o f drug metabolism. Kinetic 
analysis by the initial rates method o f the oxidation of hydroxynaphthoquinones 
using this system is consistent with rapid reaction o f the organic substrate with an 
oxoperferryl intermediate formed in the first and rate-limiting step. In the 
absence o f organic substrate, hydrogen peroxide oxidises the catalyst to a 
oxoferryl species, probably via the oxoperferryl species. This oxoferryl 
compound is itself bleached by hydrogen peroxide, probably via oxidation o f the 
porphyrin ring.
Glossary
Porphyrins 
TPP OR Fe(TPP)Cl 
TIP OR Fe(TTP)Cl 
FemTF5PP OR F20(TPP)FeCl
Mass spectrometry 
LRMS(EI)
HRMS
NMR spectroscopy 
s
br
d
t
m
q
DEPT-135
COSY
NOESY
tetraphenylporphine iron(III) chloride 
tetra-o-tolylporphine iron(III) chloride 
tetrakis(pentafluorophenyl)porphine 
iron(III) chloride
Low resolution mass spectrometry 
(ionisation method: electron impact) 
High resolution mass spectrometry
singlet
broad singlet
doublet
triplet
multiplet
quaternary carbon
13C-NMR spectrum, which displays CH 
and CH3 carbons as positive peaks and 
CH2 carbons as negative peaks. 
Quaternaries are not displayed.
Correlated spectroscopy: 2-
dimensional experiments, which 
indicate coupling between nuclei, e.g. 
'H-'H or 'H- C.
Nuclear Overhausen enhancement 
spectroscopy: determines whether two 
nuclei in a molecule are close in space.
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Chapter One
I n t r o d u c t io n  a n d  l i t e r a t u r e  r e v ie w
1. Introduction
The work presented in this thesis is a study o f the oxidation o f biologically active 
molecules catalysed by an iron porphyrin. The ability o f metalloporphyrins to act 
as mild biomimetic catalysts for the oxidation o f simple molecules, usually 
containing one functional group, has been extensively studied; a review o f this 
work is included later in this chapter. However, the purpose o f this work is to 
investigate the performance o f the metalloporphyrin catalyst as a chemical model 
for the in vivo biotransformations o f more complex molecules.
For the project, the oxidations o f a number o f compounds supplied by Glaxo 
Wellcome were investigated; these compounds were either drugs or candidates 
which had been dropped at an early stage o f development. The important factor is 
that these compounds are multifunctional, and so may be susceptible to various 
complex and unpredictable in vivo oxidative transformations.
1
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Among the many multi-functional compounds whose oxidation by 
metalloporphyrins has been investigated by other workers, a sample includes 
lidocaine,1 steroids,2 polycyclic hydrocarbons,3 ellipticine derivatives and 
paracetamol,4 3-isobutyryl-2-isopropylpyrazolo[ 1,5-a]pyridine,5 tiagibine6 and SR 
48117, an antagonist o f vasopressin V la receptors.7
2. Metalloporphyrins as oxidation catalysts
2 .1  I n t r o d u c t io n  t o  th e  P 4 5 0  m o n o o x y g e n a s e  e n z y m e s
Prototype porphyrin has the structure shown.
The NH hydrogens are readily lost and the cavity can be filled with a metal ion 
(Mn+). In nature this is often Fe (as Fe(III)), but others can be used, e.g. Mn, Ru, 
Zn, etc. Metalloporphyrins are ubiquitous in nature, being found in the active 
centres o f enzymes and metalloproteins involved in oxygen binding, electron 
transport and redox reactions.8 Important members o f this class comprise the 
cytochrome P450 family.
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The term cytochrome P450 describes a class o f monooxygenase enzymes, which 
among other functions are responsible for the oxidative metabolism o f substances 
in vivo. The types o f materials which are metabolised include fatty acids, steroids, 
prostaglandins and other endogenous compounds. Also subject to oxygen transfer 
catalysed by these enzymes are carcinogens, such as polyaromatic hydrocarbons 
and nitrosamines, and drugs including codeine and lidocaine. The action of any 
particular P450 type enzyme depends on the functionality o f the substrate, and 
important modes o f action include alkane and aromatic hydroxylation, N- 
oxidation and hydroxylation, and also N-dealkylation (see section 3.1.1). These 
transformations are effected (at least initially) by insertion o f an oxygen atom into 
the substrate. P450 type metabolism is essential in the conversion o f hydrophobic 
compounds into more hydrophilic entities, which are more water-soluble and thus 
can be excreted from the body. Further metabolism, catalysed by other enzyme 
families, may take place to form species with more ionic character, enabling 
faster elimination.
It is important to note that the term cytochrome P450 describes a large number of 
individual enzymes. This superfamily is divided into families and subfamilies, 
although this is based on their amino acid sequence, rather than on the specific 
functions each enzyme serves. Enzymes within the superfamily show varying 
monooxygenase activity towards different substrates; for example, a P450 which 
catalyses the hydroxylation o f one substrate may or may not hydroxylate another. 
The biochemistry o f the cytochrome P450 enzymes has been reviewed by Ortiz de 
Montellano.9
3
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2.1.1 The bioinorganic chemistry of iron
The functioning o f enzymes depends on the multi-valency o f the metal ion within 
the enzyme. The metal at the active site o f cytochromes P450 is iron (as 
protoporphyrin IX, Figure 1), which, when the enzyme is at rest, is in the ferric 
iron(III) oxidation state; however, it is capable o f one-electron reduction to 
iron(II) to bind 0 2, and two-electron oxidation to form the iron(V)-oxo species 
which is the active oxidant in P450-catalysed reactions.
Figure 1 Iron protoporphyrin IX, found at the active site ofP450 enzymes.
Much o f what is proposed for the active site chemistry o f P450 is based on the 
better-understood peroxidase family o f oxidation (electron removal) enzymes.10 
Horseradish peroxidase (HRP), the archetypal member of this family is known to 
be oxidised (its typical oxidant being H20 2) to a relatively stable Fe(V) oxo 
species known as Compound I, and then undergo 1 electron reduction to an 
Fe(IV) species known as Compound II. This latter in turn undergoes another 1 
electron reduction to restore the Fe(HI) ‘resting state’. There is also good 
evidence for an earlier H20 2/Fe(III) complex.11 The catalytic cycle for HRP is
4
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shown, although it should be noted that it is unlikely that Compound I actually 
involves Fe(V); an oxoferryl porphyrin radical cation (por+‘Fe(IV)=0) is more 
likely.
Scheme 1 Horseradishperoxidase catalytic cycle
2.1.2 Mechanism of P450 catalysed transformations in vivo 
Although the mechanism o f P450 oxidation is less well understood than that o f
HRP, it is believed that the process o f  oxidation by P450 can be divided into six
stages as follows (Scheme 2) :12
HRP > Cmp(i) + H2O
Cmp(H)
Fe
3+
F e -R -H
Ii
O
2H
5
2 e'
3+
Fe~R-H
lo Fe— r - h
2 +
O:2
3+
F e -R -Hi
Scheme 2 A simplified representation o f the cytochrome P450 catalytic cycle. Fe is the iron atom 
at the centre o f the protoporphyrin ring; R is substrate.
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Step 1 The first step in the cytochrome P450 catalytic cycle involves the binding 
o f the substrate to the active site o f the enzyme. This binding can be observed by 
way of changes in the UV-visible spectrum of cytochrome P450, leading to the 
classification o f substrates into three categories: type I, type II and reversed type I 
(also known as modified type H). Type I substrates result in an absorption peak at 
385-390 nm and a trough at 420 mn in the difference spectrum o f unbound and 
bound cytochrome P450; type II substrates exhibit an absorption peak at 425-435 
mn and a trough at 390-405 nm, whereas reversed type I substrates are 
characterised by an absorption peak at 420 mn and a trough at 388-390 mn (Table
i).
Table 1 Classification o f substrates according to the changes observed in the absorbance spectra 
on binding of the substrate to cytochrome P450
Type Peak (nm) Trough (nm) Examples
I 385-390 420 Caffeine, cocaine
II 425-435 390-405 Nicotine, aniline
Reversed type I 420 388-390 Lidocaine, ethanol
The spectral behaviour exhibited by the various substrates on binding to 
cytochrome P450 is the result o f perturbation o f the spin equilibrium in the 
enzyme. Cytochrome P450s exist in a low-spin configuration, the haem iron 
being hexacoordinate (coordinated equatorially to the four pyrrole nitrogens in the 
porphyrin ring o f the haem, and axially to residues in the protein matrix). The 
binding o f a type I substrate changes the conformation o f the protein, and thus the
6
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ligation of the haem, resulting in a pentacoordinate, high-spin iron, bound to the 
pyrrole nitrogens and the cysteine thiolate ligand only.
Protein
N
\
N*
:f©
3+'
N: \ N
S"
I
Protein
Low-spin
N N
S
i
Protein
High-spin
Figure 2 Schematic representation o f the hexacoordinate low-spin and pentacoordinate high-spin 
states of the haem iron. Note how in the pentacoordinate state the iron is out of plane with the 
porphyrin ring.
Type II substrates, usually nitrogenous bases, are thought themselves to ligate to 
the haem iron, resulting in a hexacoordinate, low-spin complex.
Step 2 Reduction o f the haem ferric iron to iron(II).
Step 3 Binding o f dioxygen to yield a Fe3+0 2" form of the complex.
Step 4 One-electron reduction to give Fe3+0 22".
Step 5 Heterolytic breaking o f  the dioxygen bond to yield the highly oxidising 
[Fe(V)=0]3+ species (or an equivalent species 2 oxidising units above the resting 
state), while the other oxygen atom, plus two H+ ions, generates a molecule o f  
water.
Step 6 Two-electron oxidation o f the bound substrate, giving the oxygenated 
substrate and restoring the active site to the iron(M) state. 13
7
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It has been observed that the binding and reduction o f dioxygen is not necessary if  
another oxygen source, such as a peroxide, is available. A mechanism, termed the 
peroxide shunt pathway, comes into play, whereby the active oxidising species is 
generated directly from the enzyme in its resting state, thus circumventing the 
oxygen binding and reduction processes (steps 2 to 5 above).
Scheme 3 Cytochrome P450 peroxide shunt mechanism
Thus, a critical difference is that HRP catalyses oxidation in two 1 electron steps, 
whereas P450 catalyses oxidation in one 2 electron step, often with transfer o f  
oxygen to the substrate (oxygenation).
2 .2  C h e m ic a l m o d e ls  o f  th e  P 4 5 0  e n z y m e s
Cytochrome P450 enzymes are large and membrane bound. Few have been 
isolated and characterised; those that have, such as P450cam may even be atypical. 
So, in the quest for better understanding o f the precise nature o f the oxidising 
species involved in cytochrome P450 metabolism and indeed as important 
catalysts in their own right, chemical models o f the active site have been studied. 
As the active site o f the enzyme was known to involve iron protoporphyrin DC 
(Figure 1) as the prosthetic group, synthetic models used transition metal
P450-Fe(lll) > P450-Fe(V)=O + H20
S-0
8
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porphyrins combined with oxygen sources of the type employed in the peroxide 
shunt pathway.
Synthetic metalloporphyrins had already been shown to be capable o f binding 
oxygen. However, Groves and co-workers14 were the first to demonstrate the 
ability o f iron tetraphenylporphyrin to catalyse the transfer o f oxygen to alkanes 
and alkenes to produce alcohols and epoxides. Using iodosylbenzene as the 
oxygen source, cyclohexane and adamantane were hydroxylated to cyclohexanol 
and 1-adamantanol in low yields (<12%). Furthermore, cw-stilbene and 
cyclohexene were oxidised in high yield (82 and 70% respectively) to give cis- 
stilbene oxide and cyclohexene oxide; 3-hydroxycyclohexene was also produced 
(Scheme 4).
PhIO, TPP
.0 : + 
70%
OH
Scheme 4 Oxidation of m-stilbene and cyclohexene by iodosylbenzene, catalysed by iron 
tetraphenylporphyrin
Since then the field has developed dramatically. Much o f the development in the 
area up to the mid 90’s has been summarised in several review works.15 A wide 
variety o f synthetic metalloporphyrins have now been used as catalysts with a
Chapter 1 - Introduction and literature reviov
wide range o f meso and pyrrole substituents including aryl, alkyl, halo, peptide, 
etc. (Figure 3)16
Figure 3 The porphyrin ring of synthetic metalloporphyrins may be substituted at the meso and 
pyrrole positions with alkyl, aryl, halide, peptide, etc.
2 .3  O x id a t io n  r e a c t io n s  c a ta ly s e d  b y  m e ta l lo p o r p h y r in s
2.3.1 The hydroxylation of alkanes
The oxidation o f unactivated alkanes to alcohols by the metalloporphyrin catalytic 
system is particularly significant because of the mild conditions (room 
temperature) which are employed to break the C-H bond. An example is shown 
in Scheme 5.
Scheme 5 Hydroxylation o f cyclohexane catalysed by Fe(TPP)Cl
A variety o f metalloporphyrins has been used to catalyse alkane hydroxylation 
(often accompanied by further oxidation o f  alcohol to ketone, and by epoxidation 
in the case o f unsaturated substrates). As usual the iron metalloporphyrins
10
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predominate, but the robust Mn metalloporphyrins are also important;17 recent 
studies have focused on the identification o f the high-valent oxidised 
intermediates, in particular an oxomanganese(V) species.18 Chromium,19 osmium 
20 and ruthenium 21 porphyrins have all been shown to possess some catalytic 
ability. Likewise a variety o f oxidants have been used including iodosylbenzene, 
hypochlorites, 0 2, H20 2 and hydroperoxides.15
2.3.2 The oxygen rebound mechanism
The mechanism o f hydroxylation o f hydrocarbons by various synthetic 
metalloporphyrin catalysts was first investigated by Groves and Nemo.22 They 
proposed that the hydroxylation o f alkanes by the active oxidising species 
proceeds via initial abstraction o f a hydrogen atom from the hydrocarbon. The 
alkane radical fonned subsequently reacts with the Fe(IV)OH species to yield the 
alcohol and regenerate the iron(III) form o f the catalyst. This process has been 
termed the oxygen reboimd mechanism and is illustrated in Scheme 6.
Scheme 6 'Oxygen rebound' mechanism proposed for the hydroxylation o f alkanes by 
metalloporphyrin catalysts. Ellipse indicates porphyrin ring.
Among the many pieces o f  evidence for the free radical mechanism is the finding 
o f incorporation o f a bromine atom in the product when cycloheptane was
11
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oxidised by tetraphenylporphine iron(III) chloride and iodosylbenzene in the 
presence o f bromotrichloromethane, which is known to react with alkyl radicals 
to form alkyl bromides (Scheme 7).
(TTP)FeCl, PhIO 
 ►
BrCCl3
+ +
24% 3.6% 18%
Scheme 7 Products derived from the oxidation o f cycloheptane by iodosylbenzene and tetra-o- 
tolylporphyrin iron(I13) chloride in the presence o f bromotrichloromethane, demonstrating the free 
radical nature of the oxidation.
Another is that oxidation o f adamantane yielded primarily 1-adamantanol (ratio o f
1-adamantol to 2-adamantol formed varied from 13:1 to 4:1, more substituted 
porphyrins less strongly favouring hydroxylation at a tertiary centre), reflecting 
the greater stability o f a tertiary carbon radical (Scheme 8).
■ a
OH
<1%
Scheme 8 Oxidation o f adamantane by iodosylbenzene, catalysed by Fe(TPP)Cl, showing 
preference for hydroxylation at the tertiary centre.
Since the early work o f Groves and Nemo,22 this mechanism remains the most 
popular, although definitive proof is still elusive. Alternatives have been 
proposed: for example, theoretical studies have suggested a mechanism involving
12
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ii
a symmetrical protonated porphyrin iron(HI) peroxide as the oxidising species, 
with direct insertion o f OH4" into the C-H bond o f an alkane.23
2.3.3 Epoxidation of alkenes
Perhaps the most studied metalloporphyrin-catalysed oxidation reaction (strictly 
an oxygenation) is alkene epoxidation (Scheme 9).
Metalloporphyrin —  >
r Oxidant
Scheme 9 Metalloporphyrin-catalysed alkene epoxidation
This is doubtless due in part to the importance o f epoxides in organic synthesis.
The attractiveness o f the metalloporphyrin-catalysed approach is due to the 
following factors: /) the prospect o f efficient reaction under mild conditions, ii) 
the potential for use o f a range o f oxidants, and iii)  the potential for use of  
designer catalysts to achieve, for example, asymmetric epoxidation.
In the work presented in this thesis, concentration is on aspect /') above -  the 
search for efficient, but mild catalysis o f epoxidation (and other oxidations). For 
epoxidation to be efficient, the metalloporphyrin oxidised intermediate, must be a 
strong ‘oxygen electrophile’. The proposed intermediate in the enzymatic 
cytochrome P450 reaction is an Fe(V)=0 (peroxo-ferryl) or (por#+)Fe(IV)=0 
(porphyrin radical-cation plus oxoferryl) species with the highly oxidised Fe(V) or
O
R
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Fe(IV) leading to a highly electrophilic c0 \  However, in addition to being a 
strong ‘oxygen electrophile’ the intennediate must be discriminating.
In non-enzymatic metalloporphyrin-catalysed oxidation, there are two possible 
mechanisms for metalloporphyrin-catalysed epoxidation -  the heterolytic and the 
homolytic; with an oxidant such as the hydrogen peroxide (Scheme 10) used 
throughout this work (or with the related hydroperoxides R-O-OH), the two 
possibilities are particularly relevant. Each mode has its proponents and 
supporters and this matter is dealt with in Chapter 4 o f this thesis so is 
summarised only briefly here. An oxo-ferryl species (por)Fe(IV)=0 can be 
formed by homolysis o f the peroxide; this yields also a reactive hydroxyl 
radical.24 On the other hand, an oxo-/?erferryl species (por)Fe(V)=0, or more 
likely, (por’+)Fe(IV)=:0  can be formed by heterolysis o f the peroxide; in this case 
the by product is water and the oxidative ability o f the system is derived solely 
from the oxidised catalyst.25 It is generally believed, however, that a high yield 
and efficiency o f epoxidation, is evidence for the heterolysis intennediate 
(por+)FeIV= 0 ;26 the involvement o f a hydroxyl radical is thought to result in 
radical abstraction reactions and a decrease in epoxidation product.
Scheme 10 Reaction o f iron porphyrin with H2O2 to form either (por)Fe(IV)=0 by homolysis o f  
the peroxide or (por'QFeftVfrO via a heterolytic route.
(por)Fe(IV)=0 + HO'
(por)Fe + H202
(por-+)Fe(IV)=0 + H20
14
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Therefore, it is usual for studies o f  epoxidations to use oxidants such as 
iodosylbenzene (Phl=0) or iodosylpentafluorobenzene (C6F5IO) which do not 
readily give the HO’, RO' or RCOO' radicals possible with other oxidants. For 
example, the iron tetraphenylporphyrin [Fe(TPP)Cl] and the 77-tolyl analogue were 
found to give good epoxidation yields for reaction o f the substrates shown with 
iodosylbenzene (Scheme 11).27
93%
:0  84%
67%
:o 55 - 67%
77%
Scheme 11 Epoxidations catalysed by Fe(TPP)Cl and Fe(TTP)Cl using iodosylbenzene. Yields are 
based on oxidant consumed
15
Chapter 1 - Introduction and literature review
Unfortunately, this tended to exclude the use of the useful, cheap and clean 
oxidant H20 2. Meunier reports that "...hydrogen peroxide is often too reactive in 
transition-metal-catalysed oxidations..." and notes the prominence o f Fenton-type 
reactions via HO' radicals resulting from cleavage o f the peroxide (Scheme 12).15a
Fen+ + H20 2  > F©(n+1>+-O H  + HO'
Scheme 12
Furthermore, metalloporphyrins are often efficient dismutation catalysts (Scheme 
13).28
Metalloporphyrin 
2 2  *  2H2 °  + ° 2
Scheme 13 Dismutation o f hydrogen peroxide, catalysed by metalloporphyrin
Finally, the powerful H20 2 oxidant is known to oxidise the metalloporphyrin 
(Scheme 14), resulting in a steady bleaching o f the typical UV-vis spectrum.263
HoOo
(por)Fe(HI)  Bleached
Scheme 14 Oxidation o f metalloporphyrin by hydrogen peroxide is evidenced by bleaching o f the 
UV-vis spectrum.
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However, there were early indications that certain reactions were amenable to the 
use o f hydrogen peroxide, for example sulphide oxidation (Scheme 15).29
a Ss / R Fe(TPP)CIh2o 2/ch3cn *
Scheme 15 Metalloporphyrin-catalysed hydrogen peroxide oxidation of sulphide to sulphoxide
Furthermore, H20 2 has successfully been used as oxidant with the more robust 
(compared to Fe) manganese metalloporphyrins.30 In 1993, Traylor reported that 
the use o f the readily-available 5,10,15,20-te/rafe'(pentafluorophenyl)porphme 
iron(IH) chloride (Figure 4) with H20 2 in dichloromethane-methanol gave rise to 
efficient epoxidation.18b He further claimed that the oxidation proceeded with 
heterolytic cleavage o f the H20 2! In light o f this, the above system was chosen 
for the oxidation experiments in this thesis.
Figure 4 5,10,15,20-fe/ra/fe(Pentafluorophenyl)porphine iron(III) chloride is used for the 
experiments described in this thesis.
17
Chapter 1 - Introduction and literature review
3. Drug Metabolism
3 .1  P a th w a y s  o f  d r u g  m e ta b o l is m
The metabolism o f drugs involves a number of steps, including absorption, 
distribution, biotransfonnation and excretion from the body. Biotransfonnation is 
divided into two steps, namely Phase I and Phase II metabolism. Phase I 
metabolism involves initial fimctionalisation of the substrate, partially increasing 
its polarity and hydrophilicity, and can be executed via oxidation, reduction, 
hydrolysis, hydration and other reactions. Cytochrome P450 is responsible for the 
mediation o f many o f the phase I oxidation and reduction reactions. Phase II 
metabolism complements the initial functionalisation reactions by means o f  
conjugation o f the Phase I metabolite with, for example, a sugar moiety, to yield 
largely water-soluble derivatives o f the original drug. The Phase II metabolite is 
thus easily excreted from the body. Phase I transformations create a reactive 
functional group, which is then the substrate for further Phase II metabolism. 
Thus, it is the Phase II metabolites which account for the bulk o f inactivated 
excreted products o f a drug.
3.1.1 Phase I metabolism (functionalisation)
As mentioned above, Phase I metabolism o f a drug can occur via one o f a number 
of reactions:
Oxidation (P450-catalysed)
Oxidation (catalysed by non-P450 enzymes)
Reduction
Hydrolysis
Hydration
Dethioacetylation
Isomerisation
Other reactions
18
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The most relevant transformation here is oxidation catalysed by cytochrome P450 
enzymes.
3.1.2 Reactions catalysed by microsomal mixed-function oxidase 
(cytochrome P450-dependent reactions)
A selection o f typical transformations performed by cytochrome P450 are shown 
below.
i) Aromatic hydroxylation, e.g. the 3-hydroxylation o f lignocaine:
OH
Lignocaine 3-Hydroxylignocaine
ii) Aliphatic hydroxylation
0
Pentobarbital Hydroxylated product
19
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iii) Epoxidation
iv) N-Dealkylation
Note: The mechanism o f N-dealkylation is thought to proceed by initial N-allcyl 
hydroxylation.
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v) O-Dealkylation
OCH3
Codeine
OH
Morphine
vi) S-Dealkylation
S-Methyithiopurine Thiopurine
vii) Oxidative Deamination
Amphetamine
OH
.NH„
-NH,
Phenylacetone
21
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viii) N-Oxidation
r< j ^ 'V 'CH3
u
.CH,
N’
3-Methy!pyridine
N
l „
0
3-Methyipyridine-N-oxide
ix) S-Oxidation
x) Phosphothionate oxidation
22
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xi) Dehalogenation 
Br
F3C— CH — ► F3C— CH2OH   > f3c — C02H
'c i
Haiothane
All the above reactions involve the initial insertion o f an oxygen atom into the 
drug molecule, and require molecular oxygen and NADPH, as well as the 
complete mixed-function oxidase system (cytochrome P450). After initial 
insertion o f an oxygen atom, rearrangement or decomposition o f the drug may 
occur to yield the final observed metabolite. It is important to note that a drug 
can undergo more than one o f the above reaction paths; it is difficult to predict 
which o f these pathways a particular drug will take, as this relies on a number o f  
factors, for example genetics, sex, age or hormonal factors.
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3.1.3 Phase II metabolism (conjugation)
Phase II metabolism complements the Phase I functionalisation reactions by 
forming water-soluble conjugates which can be excreted in the bile or urine. 
Phase II conjugation reactions may occur via one of the following pathways:
® Conjugation with sugars
• Sulfation
• Methylation (usually makes compound less polar and thus more difficult to 
excrete)
• Acetylation
• Amino acid conjugation
• Glutathione conjugation (regarded as a protective mechanism for the removal o f  
potentially toxic electrophilic compounds)
Conjugation reactions with sugars can occur with glucose, xylose and ribose, but 
conjugation with a-D-glucuronic acid (glucuronidation) is quantitatively the most 
important Phase II reaction pathway overall, and in fact many drugs are 
metabolised in this way.
24
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O-Glucuronides form from alcohols or carboxylic acids to form ether or ester 
glucuronides. Examples o f drugs which form O-glucuronides are shown in 
Scheme 16.
9 H3 ch3i \ 3
Morphine
Scheme 16 O-Glucuronidation o f morphine and salicylic acid
To summarise, substrates which have undergone Phase I metabolism are then 
further metabolised, usually by conjugation with glucuronic acid.
25
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4. Aims of this work
Metabolism o f substrates by in vivo methods often yields only traces o f material; 
at present, chemical models are needed to try to mimic P450, yielding larger 
amounts o f oxidised product to which metabolised products can be compared and 
which are present in sufficient quantities to allow identification and further study.
Thus, the aims of this work were the following:
i) A study o f the oxidation o f hydroxynaphthoquinone substrates. These are 
reactive materials, and some chemistry o f their oxidation is known (Hooker 
reaction), making them good candidates for initial investigation.
ii) An investigation into more challenging substrates, which are less reactive, for 
example, pyrimidines, nucleosides.
iii) Mechanistic studies o f metalloporphyrin-catalysed oxidations.
26
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O x id a t io n  o f  2 - a lk y l - 3 - h y d r o x y n a p h t h o - l94 “ q u m o n e s
1. Introduction
1.1  2 - a ik y l- 3 - h y d r o x y n a p h th O ” l,4 - q u in o n e s
2-Hydroxynaphthoquinone la , also known as lawsone, henna or isojuglone, has 
been used as a dyestuff since antiquity.31 The chemistry of 
hydroxynaphthoquinones, particularly 2-(3 -methylbut-2-enyl)-3 -hydroxynaphtho-
1,4-quinone lapachol Ig which is isolated from the heartwood o f various 
Bignoniacceae,31 and which has been known since 185 8,32 was extensively 
studied by Patemo,33 Hooker34 and Fieser35 among others in the first half o f this 
century. Naphthoquinones 1, where R 1 is H and R2 is an alkyl or cycloalkyl group, 
have been proposed as anti-infectives for the treatment o f a range o f diseases, 
including malaria in humans,36 and patented as agents both for the prevention and 
treatment o f theileria and other infections in cattle and sheep.37,38’39,40 In 1983, 2- 
cyclohexyl-3-hydroxynaphtho-l,4-quinone lb , also known as Parvaquone, was 
marketed as an effective treatment for East Coast Fever in African cattle, under 
the trade name Clexon.1
1 Registered Trademark o f the Wellcome Foundation.
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The range o f substrates shown, la  - If, were used in this study because they have 
been used, (e.g. lb ), or have been considered for use, as drugs by Glaxo 
Wellcome or its forerunners. However, following the metabolic pathway by in 
vivo studies can be difficult in that the products isolated are often in low yield and 
more importantly may not be the primary oxygenated products, but may be due to 
one or more subsequent chemical and/or biochemical modifications, e.g. 
glucuronidation. Hence, potential reactive intermediates and important by­
products can easily be disguised or missed. A useful complementary approach is 
to use chemical oxidation or biomimetic catalysis to provide (relatively) large 
amounts o f primary oxidised products which, although still susceptible to 
chemical modification, are free from further metabolic degeneration. Such 
studies can yield important additional information o f relevance to drug 
metabolism; the latter (biomimetic) approach has concentrated on the use o f  
metalloporphyrin-catalysed oxidation as a model for cytochrome P450 activity.41
la: R1=R2=H 
lb: R 1==H, R2=cycIohexyl 
lc: R1==H, R2=cycloheptyl 
Id: R1=H, R2=m-4-/ert-butylcyclohexyl 
le: R1==H, R2=(fra/is-4-tert-butylcyclohexyl)methyl 
If: R1=Me, R2=cycloheptyl 
lg: R1==H, R2=3-methylbut-2-enyl
1.2  O x id a t io n  o f  h y d r o x y n a p h th o q u in o n e s
The chemical oxidation o f hydroxynaphthoquinones was reported by Hooker in 
1936.42 He discovered that oxidation o f a 2-alkyl-3-hydroxynaphtho-l,4-quinone
OR
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using alkaline potassium permanganate lead to a switching o f position o f the alkyl 
group and the hydroxy group on the naphthoquinone ring, with concomitant 
shortening o f the alkyl chain by one carbon; Hooker oxidation o f 2-(4-tert- 
butylcyclohexyl)methyl~3-hydroxynaphtho-1,4-quinone yielded 2-(4-tert- 
butylcyclohexyl)-3-hydroxynaphtho-1,4-quinone.43 The mechanism of this 
reaction was proposed by Fieser in 1936,44 further elaborated by others since,45 
and lately by Moore in 1995.46 (Scheme 17)
OH 
OH
~  CH,R 
O 2
C02H
OH
CH2R
R = (CH3)2C=CH-
Scheme 17 Hooker oxidation of wolapachol lg
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1 .3  B io c h e m is t r y  o f  2 - a lk y l - 3 - h y d r o x y n a p h th o q u in o n e s
As noted above, analysis o f metabolites following drug treatment is difficult. 
However, as part o f an investigation into the efficacy o f various naphthoquinones 
against the Plasmodia species which cause malaria, Fieser and co-workers 
investigated the human metabolism o f these compounds. They found that 
hydroxylation at the 4-position o f a cyclohexyl substituent constituted the main 
metabolic path (Scheme 18), with other mostly unidentified compounds also 
formed.35
Human metabolism 
 ►
Scheme 18 The main human metabolism pathway o f 2-cyclohexyl-3-hydroxnaphtho-l,4-quinone is 
hydroxylation at the 4-position of the cyclohexyl ring.
1 .4  A im s  o f  th is  w o r k
The oxidation reactions o f hydroxynaphthoquinones la-e using hydrogen 
peroxide as the oxidant, in conjunction with 5,10,15,20- 
fe/ra/aXpentafluorophenyl)porphine iron(III) chloride as the catalyst were 
investigated. The aim o f the experiments was to establish the suitability o f this 
oxygen transfer system as a model for the in vivo transformations o f the 
hydroxynaphthoquinones, and if  possible to further elucidate the Hooker 
oxidation mechanism.
30
Chapter 2 - Oxidation o f  2-alkyl-3-hydroxynaphtho~l,4-qiiinones
2. Results
2 .1  O x id a t io n  o f  h y d r o x y n a p h th o q u in o n e s
Hydroxynaphthoquinones la -e  (ca. 100 mM) were stirred at room temperature in 
the presence o f the catalyst te?ra/as(pentafluorophenyl)porphine iron(HI) chloride 
(0.05 mM) in methanol / dichloromethane (3:1), while hydrogen peroxide (105 
mM) was slowly added. The conditions are fully described in the Experimental 
section. Full conversion o f the starting material was achieved in each case, with 
only a small excess o f the oxidant. In all cases, complete transformation of 
hydroxynaphthoquinone occurred with some catalyst still present unbleached at 
the end (TLC). This implies a turnover typically of >2000.^ A mixture o f  
products (TLC, ]H-NMR) was obtained from the catalytic oxidations, but on TLC, 
only one or two minor products were stable to silica.®
Extraction o f excess hydrogen peroxide with water, followed by evaporation o f  
the organic solvent under reduced pressure yielded the crude product. 
Examination by ^-N M R  showed one product dominating in most cases and 
accounting for up to 80% of the signal in the aromatic region (determined by
# Calculated by dividing the no. o f moles of substrate present by the no, o f moles of catalyst 
employed. It is not known what proportion of the catalyst is destroyed in the reaction, but this 
method gives a minimum no. o f turnovers.
s Determined by two-dimensional TLC. Using a square silica TLC plate, the crude product was run 
in one direction with an appropriate solvent. The plate was then turned through 90° and the 
separated products run perpendicularly. If individual products gave different R f values in the 
second run, they were considered to have reacted on the plate and to be unstable on silica.
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integration o f the peaks). Figure 6 shows the spectrum o f the crude product from 
the oxidation of compound 2-cycloheptyl-3-hydroxynaphtho-l,4-quinone lc , 
which most clearly illustrates this. However, although this product appeared 
stable to aqueous work-up, it could not be purified or characterised. Attempts at 
isolation by column chromatography on silica gel resulted only in the formation 
of a resinous material on the column. Crystallisation attempts from petroleum 
ether or petroleum ether / diethyl ether mixtures yielded oils and were not 
successful in purifying the principal product. Vacuum sublimation was also 
unsuccessful.
Comparison o f the ]H-NMR spectrum o f the product from oxidation o f lc  (Figure 
6) with the spectrum o f the starting material lc  (Figure 5) gives some insight into 
the nature o f the product. In the aliphatic region o f the product, broad multiplets 
due to the cycloheptyl ring protons appear to have shifted slightly upfield. More 
interestingly, a triplet o f triplets in the starting material (assigned to the allylic 1- 
H o f the aliphatic ring) has moved by ca. 1.1 ppm to higher field. This suggests 
that the allylic environment o f 1-H in the starting material has been changed by 
the oxidation. A downfield shift o f ca. 0.2 ppm is observed in the aromatic region 
o f the spectrum, with better resolution o f protons 5-H and 8-H.
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Figure 5 ^-N M R  spectrum of 2-cycloheptyl-3-hydroxynaphtho-1 ,4-quinone 1c in CDCI3.
Figure 6 ^-N M R  Spectrum o f the crude product from oxidation o f 2-cycloheptyl-3- 
hydroxynaphtho-1,4-quinone lc , after aqueous work-up and concentration in vacuo.
These observations suggest reaction at the 2-C, 3-C double bond o f the 
hydroxynaphthoquinone to form an epoxide 2c (Scheme 19). The epoxidation o f  
simpler alkenes by the /e/ra/c/,s'(pentafluorophenyl)porphine iron(HI) chloride /
33
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hydrogen peroxide system has been amply demonstrated, and could reasonably be 
expected in the case of these substrates.47
(F20TFP)FeCl, H20 2
 ►
MeOH, CH2C12
lc  2c
Scheme 19 Epoxidation of 2-cycloheptyl-3-hydroxynaphtho-l,4-quinone lc  catalysed by 
fc/ra/r/.ftpentafluorophenyl)porphine iron(III) chloride.
2.2 Stable products isolated from 
hydroxynaphthoquinone oxidations
Although the epoxide was not characterised because of its propensity to react 
further on silica, other types of product, believed to be 2° products (see later) have 
been recovered by column chromatography: a 2,3-dihydroxynaphtho-l,4-quinone 
(from la  only), a dehydro dimer, an oxoindane carboxylate and a 3-alkyl-3 - 
hydroxy-2-oxo-2,3-dihydronaphtho-l,4-quinone (trace only). Following silica gel 
chromatography of the crude epoxide 1° product, most was in the form of non­
eluting resinous material.
2.2.1 Determination of structure of oxidation product from 2- 
hydroxynaphtho-l,4-quinone
The NMR spectrum of the crude material (Figure 7) is again consistent with an 
initially formed epoxide, but after silica gel column chromatography the only 
isolated material showed only two tight multiplets for the Ar protons (indicating a
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symmetry in the molecule), an OH signal and no proton derived from the 3-H in 
the starting material. The LRMS(EI) gave a M+ peak at 190 and the structure was 
assigned as 2,3-dihydroxynaphtho-l ,4-quinone.
Figure 7 ’H-NMR, in c^-acetone, of 1° product from the oxidation of 2-hydroxynaphtho-l,4- 
quinone la , following extraction into dichloromethane, drying over magnesium sulphate, and 
evaporation of the solvent in vacuo.
OH .OH
OH
la
Scheme 20 Oxidation of 2-hydroxynaphtho-l,4-quinone la  to form proposed product 2,3- 
dihydroxynaphtho-l ,4-quinone.
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2 .2 .2  3-aIkyl-3-(2-alkylnaphtho-l,4-quinoii-3-yI)oxy-2-oxo-2,3- 
dihydiw aphtho~l,4-quiiiones 3 b -e
These compounds appear as a yellow band on the column, but are usually isolated 
by precipitation from the reaction mixture (see Experimental section). The 
material is a single yellow spot on a TLC plate (chlorofonn). A typical ]H-NMR 
spectrum for this product is shown in Figure 8 (product 3b derived from 2~ 
cyclohexyl-3-hydroxynaphtho-1,4-quinone lb). It is clear from examination of 
the aromatic region that there are eight different aromatic protons in the molecule, 
suggesting that there are two aromatic rings present. Furthermore, the 13C-NMR 
spectrum of the same product shows 32 individual carbon atoms, including 5 
carbonyls, 8 aromatic CH carbons, and 10 CH2 and 2 CH aliphatic carbons 
(Figure 9). From this, a product comprising two unequivalent molecules of the 
starting material can be inferred. A proposed structure is shown in Figure 10. 
The molar mass of the material is confirmed by high resolution mass spectrometry 
(M+ 510.20093 for compound 3b, consistent with C32H30O6).
Substantial NMR spectroscopic information has been collected for compound 3b. 
A 13ONMR spectrum was recorded at 150 MHz, as well as the corresponding 
DEPT-135. A ^ ^H  COSY experiment was also carried out at high field (600
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MHz). Two ^C^H heteronuclear correlation experiments were performed. The 
delays were set to show direct heteronuclear coupling (0 ce) and coupling through 
two or three bonds (2J Ch  and V C h )  respectively. Hence, the majority of peaks in 
the ]H and 13C-NMR spectra can be unambiguously assigned.
Figure 8 1 H-NMR Spectrum of 3 -cyclohexyl-3 -(2-cyclohexylnaphtho-1,4-quinon-3 -yl)oxy-2-oxo- 
2,3-dihydronaphtho-l,4-quinone 3b in CDCI3.
150 100 50 ppm
Figure 9 I3C-NMR Spectrum of 3-cyclohexyl-3-(2-cyciohexylnaphtho-l,4-quinon-3-yl)oxy-2-oxo-
2,3-dihydronaphtho-l>4-quinone 3b in CDC13.
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Figure 10 Proposed structure of a product from the oxidation of 2-cyclohexyl-3-hydroxynaphtho- 
1,4-naphthoquinone lb
2.2.3 Assignment o f ^  and 13C-NM R spectra of 3b
The entry point is the assignment of l'-H to the triple triplet at 2.12 ppm by virtue
of its three-bond coupling to at least two carbonyl carbons at 189.0 and 
184.6/184.7 ppm. Only l'-H would be expected to show long-range coupling to 
more than one carbonyl. Of the remaining aliphatic signals, only a triple triplet at 
3.27 ppm is coupled long-range to at least one carbonyl carbon (the 184.6/184.7 
ppm pair), and can be assigned to 1"'-H. Thus, one peak of the carbonyl carbon 
pair is 4"-C. On closer inspection, the two peaks can be distinguished, as the 
184.6 ppm peak shows a three-bond coupling to an aromatic proton and is 
therefore 4"-C, whereas the peak at 184.7 ppm shows no three-bond coupling to 
any aromatic proton and is assigned 2-C; the other carbonyl carbon peak at 189.0 
ppm showing coupling through three bonds to l'-H is 4-C. Long-range coupling 
to 4-C allows assigmnent of the peak (dd) at 8.19 ppm to 5-H. Examination of the 
proton-proton COSY enables assigmnent of peaks at 7.93 ppm to 6-H, 7.91 ppm 
to 7-H, and 8.42 ppm to 8-H. The carbonyl peak 180.8 ppm is 1-C, on account of 
three-bond coupling to 8-H.
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Table 2 NMR assignments for 3-cyclohexyl-3-(2-cyclohexylnaphtho-l,4-quinon-3-yl)oxy~2-oxo- 
2,3-dihydronaphtho-l,4-quinone 3b. Shift values are in ppm relative to TMS (LH) or CDCI3 
(13C )S
Position 13C Signal/ppm ]H Signal/ppm
1 180.84 -
2 184.71 -
3 95.97 -
4 189.01 -
4a 135.16 -
5 128.03 8.19 (1H, dd,76.9, 
1.7)
6 134.39/134.65/135.98 7.93 (1H, td, 77.2, 
1.7)
7 134.39/134.65/135.98 7.91 (1H, td, 77.3, 
1 .8)
8 128.94 8.42 (1H, dd,76.9, 
1.7)
8a 133.22 -
1 " 182.48 -
2" 151.52 -
3" 136.09 -
4" 184.60 -
4a" 132.09 -
5" 126.15/126.32 7.99 (lH ,dd,J 8.0, 
1 .2 )
6" 134.39/134.65/135.98 7.63 (1H, td, 77.9, 
1 .2 )
7" 132.67 7.47 (1H, td, 77.2, 
1 .2)
8" 126.15/126.32 7.61 (lH,dd, 77.6, 
1 .2 )
8a" 130.47 -
r 45.99 2 .12  ( 1H, tt, 710.2, 
3.1)
2 ', 6' 1.23-1.30 and 1.62- 
1.72
r 36.75 3.27 (1H, tt, 712.5, 
3.9)
2 '", 6'" 1.76-1.85(ax.) and 
2 .20(eq.)
3', 4', 5', 3"’, 4’", 5’" 25.80, 26.13,26.19, 26.26, 27.06, 
27.08,27.43,27.85, 29.24,29.44
s See text for assignment.
* Among the 10 CH2 (determined by DEPT) carbon signals.
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r"-H shows two- and three-bond coupling peaks at 136.1 and 151.5 ppm, 
representing 2"-C and 3"-C. Based on a calculation for typical chemical shift for 
the given enviromnent, 136,1 is assigned to 3"-C.* From the DEPT-135 
experiment, two methine carbons can be identified; direct coupling to l'-H 
assigns the peak at 45.99 ppm to l'-C, and similarly, coupling to 1"'-H assigns the 
peak at 36.75 ppm to 1"'-C. The two-proton multiplet at 2.20 ppm is assigned to 
2"'-Heq and 6"'-Heq, due to coupling with l'"-H and also two-bond coupling to 1"'-C. 
The coupling pattern of the signals suggests equatorial rather than axial protons.11 
The signal corresponding to the axial protons is part of a multiplet at 1.76-1.85 
ppm (H-H COSY). The axial and equatorial protons at positions 2' and 6' show as 
multiplets at 1.23-1.30 ppm and 1.62-1.72 ppm, coupled to l'-H at 2.12 ppm. The 
remaining aliphatic signals account for 3'-H, 4'-H, 5'-H, 3"'-H, 4"'-H and 5"'-H. The 
proton signal at 7.99 ppm shows coupling to 4"-C through three bonds and 
represents 5"-H. Examination of the proton-proton COSY allows assigmnent of 
7.63 ppm to 6"-H, and 7.47 ppm to 7"-H. By default, the peak at 7.61 ppm is 8"-H, 
supported by three-bond coupling to 1"-C at 182.5 ppm. The assigmnent of 1"-C 
is supported by its lack of any coupling to 1"'-H. Signals at 128.03 and 128.95 
ppm show direct coupling to 5-H and 8-H respectively and can be assigned to 5-C 
and 8-C. Carbons 5"-C and 8"-C at 126.14 and 126.31 ppm are directly coupled to 
5"-H and 8"-H, but cannot be distinguished from one another. Direct coupling to
* DH Williams and I Fleming, Spectroscopic Methods in Organic Chemistry (4th edn.), McGraw- 
Hill, London, 1989, p. 129-130.
" «/gem (to Hax) = 12; J rH (eq-ax) = 4; Jy.H (eq-eq) = 4; JTK (eq-ax) = 4
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7"-H assigns the peak at 132.68 ppm to 7"-C. The remaining aromatic carbon 
signals at 134.39,134.66 and 136.00 ppm are coupled directly to 6-H, 6"-H and 7- 
H, but cannot be unambiguously assigned. The ipso aromatic quatemaiy carbons 
4a-C and 8a-C are at 135.16 and 133.22 ppm respectively, while peaks at 132.09 
and 130.47 ppm are assigned to 4a"-C and 8a"-C respectively. Each of these 
carbon signals shows coupling through three bonds to appropriate aromatic 
protons (fig. 2.3e). The only unassigned quaternary is at 95.94 ppm and can be 
attributed to 3-C. The remaining aliphatic carbon signals at 25.80, 26.13, 26.19,
26.26, 27.06, 27.08, 27.43, 27.85, 29.24 and 29.44 ppm cannot be specifically 
assigned, but account for 2'-C, 3'-C, 4’-C, 5'-C, 6'-C, 2"'-C, 3"'-C, 4"'-C, 5"'-C and 
6"'-C.
In the 600 MHz 1 H-NMR, both l'"-H and 1-H are resolved from other signals. 
They show a splitting pattern typical of a proton in an axial position, i.e. coupling 
of the order of 3 Hz to the neighbouring equatorial protons, and coupling in the 
range 10-12 Hz to axial protons in positions 2 and 6.
The resolution of carbon signals around the aliphatic rings (T to 6’-C and 1"' to 6'"- 
C) is perhaps surprising, as it might be expected that carbons 2 and 6, and also 3 
and 5, would be equivalent. However, these carbons are diastereotopic on 
account of the chiral centre at position 3-C, and thus are resolved in the 13C-NMR 
spectrum. The chiral centre results in carbons experiencing different 
environments, as shown in Figure 11.
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O
Figure 11 Newman projection along the l'-C, 3-C bond, illustrating the diastereotopic carbons 2'- 
C and 6'-C in 3-cyclohexyl-3-(2-cyclohexylnaphtho-l,4-quinon-3-yl)oxy-2-oxo-2,3- 
dihydronaphtho-l,4-quinone 3b
2.2.4 Infrared and mass spectral data for 3b
Comparison of the infrared spectrum of 3b with that of the starting material lb  
provides supporting evidence for the structure of the product. The OH group of 
lb  (3355 cm'1) is not present in the product. Additionally, the IR spectrum of the 
precipitate shows carbonyl peaks typical of an aryl a-diketone (Ar-CO-CO) at 
1743 cm' 1 a and an a-alkoxy-ot'-aryl ketone (Ar-CO) at 1697 cm'1, but additional 
peaks consistent with a 3-alkoxy-2-alkylnaphtho-1,4-quinone at 1652, 1592, 
1569 b The precipitate shows a HRMS appropriate for a formula of C32H3006.
a Slightly high due to inability of diketone to become tramoid (LJ Bellamy, The Infra-red Spectra 
of Complex Molecules, Methuen, London, 1958, pl41-142).
b Ettlinger, M. G. J  Am. Chem. Soc. 1950, 72, 3666, quotes peaks for 3-methoxy-2-alkylnaphtho-
1,4-quinones in the 1672-1644 cm'1 and 1605-1587 cm'1 regions. The former is noted as being 
resolvable into two peaks, although it is not apparent in the dehyro-dimer samples here. In spectra 
illustrated in the Ettlinger paper a shoulder is apparent on the 1605-1587 cm'1 peak which probably 
corresponds to the 1569 cm*1 peak in the precipitate.
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2.2.5 Comparison of *H and 13C-NMR spectra of 3-alkyl-3-(2- 
aIkylnaphtho-l,4-quinon-3-yl)oxy-2-oxo-2,3-dihydronaphtho-l,4- 
quinones 3c-e with those o f 3b
Products analogous to 3b have also been isolated from the catalytic oxidations of 
compounds Ic-e. Comparison of the [H-NMR spectra of compounds 3c-e with 
that of 3b shows them to be almost identical in the aromatic region, each product 
displaying the same pattern of signals (Figure 12). Similarities are also seen in 
the 3.5 ppm region, where the characteristic proton 1"'-H is observed in 3b. In 
product 3c, the splitting pattern of l'"-H is different to that of 3b, as a result of the 
extra methylene group in the aliphatic ring. Compound 3e shows a two-proton 
doublet at 2.73 ppm, representing the methylene group between the cyclohexyl 
ring and position 3"; as it is a methylene group, rather than a cyclic methine, the 
signal comes at higher field than is the case in products 3b-d. Proton 1"'-H in this 
compound, being spaced from the 2"-C, 3"-C double bond by the methylene 
group, does not have the allylic character seen in the other products, and thus is 
not resolved from the aliphatic multiplets observed above 2 ppm. Compound 3d, 
which does have an allylic l ’"-H, shows a peak for this proton at 3.51 ppm. 
However, because the starting material Id was the pure cis isomer, l'"-H is 
equatorial/1 and shows an expected splitting pattern ( J  <7 Hz, axial-equatorial and 
equatorial-equatorial couplings only).
u A tert-butyl group in a cyclohexyl ring almost always adopts an equatorial position (J March, 
Advanced Organic Chemistry (4th edn.), Wiley-Interscience, New York, 1992, p. 146). This being 
the case, the cis isomer of 4 will have the hydroxynaphthoquinonyl group in the axial position, and 
proton l'-H will be equatorial.
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The 13C-NMR and DEPT-135 spectra of compounds 3c-e also show similar 
patterns to those of 3b (Figure 13). Five carbonyl peaks are observed in each 
case, apart from compound 3e, where it appears that a peak at 186.68 ppm has not 
been resolved into two peaks (the equivalent in 3b is the 184.58/184.71 ppm pair). 
Lone quaternary carbons 2"-C (151.52 ppm) and 3-C (95.97 ppm) in 3b are also 
observed in 3c-e at almost identical chemical shifts. A grouping of 13 signals in 
the aromatic region of 3b, including 5 quaternaries, is reflected in 3c and 3d, 
although in product 3e, only 4 quaternaries are seen. Close inspection of this 
region of the spectrum indicates that an extra peak may be present as an 
unresolved shoulder on the 136.38 ppm peak. The aliphatic region in the 
spectrum of 3c is veiy similar to 3b, allowing peaks at 48.11 and 37.48 ppm to be 
assigned to carbons l'-C and 1"'-C respectively. Similarities between the spectra 
of 3e and 3d are not as strong. Both, however, show four methine carbons and in 
both cases, the methyl carbon signals of the tert-butyl groups are barely resolved 
from one another. Interestingly, in compound 3d, all the methylene signals are 
upfield of these fe/Y-butyl peaks, whereas in compound 3e, all but one are 
downfield. This may be due to the cis isomerism of the aliphatic rings of 3d.
Because of the similarities in the [H and 13C NMR spectra, it is possible to assign 
certain peaks in the spectra of compounds 3c-e by analogy with 3b. Assignments 
are listed in the Experimental section. Figure 12 and Figure 13 show the lH  and 
13C-NMR spectra of these products.
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Figure 12 1 H-NMR Spectra of S-alkyl-S-G-alkylnaphtho-M-quinon-S-yOoxy^-oxo^B- 
dihydronaphtho-lA-quinones 3b (top), 3c, 3d and 3e (bottom) in CDC13.
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150 100 50 ppm
 [ .I l l   J .111
150 100 50 ppm
150 100 50 ppm
Figure 13 13C-NMR spectra of 3-alkyl-3-(2-alkylnaphtho-l,4-quinon-3-yl)oxy-2-oxo-2,3- 
dihydronaphtho-l,4-quinones 3b (top), 3c, 3d and 3e (bottom).
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2.2.6 Determination o f structure of methyl 2~alkyl-2,3-dihydroxy- 
l-oxoindan-3-carboxylates 4d-e
In the cases of compounds Id and e, a second product in the crude mixture which 
was stable on silica was isolated by column chromatography (see Experimental 
section, products 4d and 4e).
4e
Figure 14 Proposed structure for a product from the oxidation of le.
Comparison by ^-NMR of compound 4e with the starting material le  shows a 
number of changes across the spectrum (Figure 15). The four aromatic protons of 
the product are well resolved from one another, in contrast to the starting 
material. Also, there are two one-proton broad singlets (4.35 and 3.10 ppm) in the 
spectrum of 4e, which can be assigned to OH groups. The doublet representing 
the allylic methylene group between position 3 and the aliphatic ring (at 2.5 ppm 
in compound le) shows an apparent upfield shift, and is not resolved from the 
aliphatic ring protons; this shift indicates that reaction has occurred at the 2-C, 
3-C double bond.
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Figure 15 Comparison of le  (top) with methyl 2-(/ra/As,-4-fe/7-butylcyclohexyl)methyl-2,3- 
dihydroxy-1 -oxoindan-3 -carboxylate 4e
A proposed structure for product 4e, methyl 2-(trans-4-tert- 
butyIcyclohexyl)methyl-2,3-dihydroxy-l-oxoindan-3-carboxylate, is shown in 
Figure 14. The structure is consistent with the LH-NMR as discussed above. The 
13C“NMR shows 20 resolved signals (Figure 11); this fits the molecular formula 
C22H30O5 as there are three equivalent carbon atoms in the toY-butyl group. The 
infrared spectrum confirms the presence of two OH groups in the molecule, with
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OH stretches at 3488 and 3414 cm'1. Two carbonyl peaks are observed at 1752 
and 1719 cm"1.
The structure of the product is also supported by mass spectral evidence. High 
resolution mass spectrometry gives the accurate mass of the molecular ion as 
374.20915, consistent with C22H30O5.
200 150 100 50 ppm
Figure 16 13C-NMR spectrum of methyl 2-(/ram’-4-/e/'/-butylcyclohexyl)methyl-2,3-diliydroxy-l- 
oxoindan-3-carboxylate 4e in CDCI3.
2.2.6.1 Partial assignment of 1H and 13C-NMR data of 4e
Although there is no entry point to facilitate full assignment, homonuclear ( V h h )
and heteronuclear ( V c h )  NMR correlation experiments performed on 4e allow the 
!H and 13C-NMR spectra to be partially assigned.
The NMR assignments shown in the table are made as follows. The unique tert- 
butyl and methoxy singlets at 0.79 and 3.63 ppm, respectively are coupled (H,C 
COSY) to the carbon signals at 27.49 and 53.24 ppm, respectively. The only
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aliphatic methine signals at 32.80 and 47.59 ppm are assigned to Cl' and C4', and 
H,C COSY shows that the HI' and H4' signals are among the many in the 0.72- 
0.97 and 1.21-1.34 ppm regions. The signal at 42.67 ppm is tentatively assigned to 
the methylene attached to C2 on the basis of it being the methylene signal at 
lowest field, and H,C COSY places the signals for the attached diastereotopic 
protons in the 1.21-1.34 and 1.84-1.92 ppm regions. The signals for the CH 
protons and carbons on the aromatic ring are partially assigned on the basis of 
coupling patterns and H,C COSY experiments. The ester carbonyl is assigned to 
the 172.71 ppm signal since this one shows long range (V) coupling to the ester 
CH3 at 3.63 ppm, leaving the 202.66 ppm signal to be assigned to Cl. The 
aromatic (C3a and C7a), aliphatic (C2 and C3) and ferfrbutyl quaternary carbons 
are assigned on the basis of chemical shift. The remaining cyclohexyl proton and 
carbon signals could not be distinguished from one another; NOESY experiments 
yielded no useful information. Compound 4e is the methyl ester analogue of the 
oxoindane carboxylic acid intennediate isolated from Hooker oxidation in 
aqueous solution.46
4e
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Table 3 NMR assignments for methyl 2~(Zra«s-4-te/7-butylcyclohexyl)methyl-2,3-dihydroxy-l- 
oxoindan-3-carboxylate 4e. Shift values are in ppm relative to TMS (lH) or CDCI3 (13C).$
Position 13C Signal/ppm !H Signal/ppm
1 202.96 -
2,3 89.98,90.46 -
OO 172.71 -
3a, 7a 139.99, 149.39 -
4,7 123.53, 124.24 7.64 (lH,d, 77.5) 
7.82 (1H, d,77.6)
5,6 130.11,135.42 7.56 (lH,t, 77.3) 
7.72 (1H, t, 77.4)
1', 4' 32.80,47.59 0.72-0.97 (1H, m) 
1.21-1.34 (lH,m)
2’, 3’, 5f, 6’ 27.19, 27.23,35.06,35.21 0.72-0.97 (4H, m) 
1.49-1.55 (1H, m) 
1.60-1.67 (2H, m) 
1.84-1.92 (lH,m)
C(CH3)3 27.49 0.79 (9H, s)
C(CH3)3 32.30 -
-OCH3 53.24 3.63 (3H, s)
-CHr 42.67 1.21-1.34 (lH,m) 
1.84-1.92 (lH,m)
2-OH - 4.43 (1H, br)
3-OH - 3.25 (1H, br)
Although product 4d was obtained in low yield from the catalytic oxidation of 
hydroxynaphthoquinone I d ,  limited spectroscopic data allows the structure of the 
product to be determined by analogy to product 4e. Comparison of the ]H-NMR
s See text (section 2 ,2 .6.1) for assignment.
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spectra of 4d and 4e shows a similar pattern in both spectra; in particular, the 
aromatic regions of the two compounds are practically identical, while the pattern 
of a methyl ester group peak and two hydroxyl protons is seen in each spectrum.
2.2.7 Determination o f structure o f 3-cyclohexyl-3-hydroxy-2= 
oxo-2,3-dihydronaphtho-l,4-quinone 5b
In one case, oxidation of 2-cyclohexyl-3-hydroxynaphtho-1,4-quinone lb  
followed by semi-preparative normal-phase HPLC# resulted in the elution of a 
material as a broad hump on the chromatogram, which when passed through the 
HPLC column a second time, eluted as a sharp peak. Small quantities of material 
were collected; the structure presented in Figure 17 is consistent with ^-NMR 
(Figure 18) and mass spectral data. The NMR spectrum shows signals due to 
aryl protons, a cyclohexyl group (CH signal as a tt at 2.55 ppm) and a hydroxyl 
proton (5.11 ppm). The assigned structure is based on this *£[ NMR spectrum and 
the molecular ion peak at 272 in the LRMS. TLC showed that this compound was 
not present in the original reaction mixture and it is believed to be formed from 
the epoxide on silica.
Figure 17 Proposed structure for product of oxidation of 2-cyclohexyl-3-hydroxynaphtho-l,4- 
quinone lb, isolated by preparative HPLC.
# Column: 250x21mm, silica 5pm; mobile phase: chloroform,
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Figure 18 ^-NMR spectrum of 3-cyclohexyl-3-hydroxy-2-oxo-2,3-dihydronaphtho-l,4-quinone 
5b in CDC13.
2.2.8 Preparation and attempted oxidation of 2-cycloheptyl-3- 
methoxynaptho-l,4-quinone I f
2-Cycloheptyl-3-methoxynaptho-l,4-quinone I f  was prepared from 2-cycloheptyl-
3-hydroxynaphtho-l,4-quinone 1c and iodomethane using the Williamson ether 
synthesis. The procedure is described in the Experimental section.
Mel, NaOH, PT cat.
CHCI3, water *
lc If
Scheme 21 Preparation of methyl ether of 2-cycloheptyl~3-hydroxynaphtho-l,4-quinone lc
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The product, obtained as an orange oil, was stirred with hydrogen peroxide in the 
presence of catalyst under conditions very similar to those employed in the 
oxidation of the hydroxynaphthoquinones. However, no reaction took place under 
these conditions.
3. Discussion
3.1 Mechanism of formation of the characterised 
products
The compounds 3b-e and 4d-e are not the products that might be expected from 
the oxidation of hydroxynaphthoquinones Ib-e. However, these compounds are 
the result of further reaction of the primary product, which is an epoxide formed 
across the 2-C, 3-C double bond of the hydroxynaphthoquinones. The following 
mechanisms demonstrate how the primary product is subject to nucleophilic 
attack to form products 3 and 4 which were fully characterised.
3.1.1 Mechanism for the formation o f products 3b-e
In the case of compounds 3b-e, epoxidation of the hydroxynaphthoquinone 2-C,
3-C double bond is followed by nucleophilic attack on position 2 (alkyl 
substituted) either by the hydroxyl group of unreacted starting material, or by an 
anion generated by dissociation of the proton from the same hydroxyl group 
(Scheme 22). Collapse of the gem-diol formed at 3-C to a ketone with the 
elimination of water yields product 3.
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Scheme 22 Mechanism for the formation of products 3b-e from hydroxynaphthoquinones lb-e.
3.1.2 Mechanism for the formation of 4d-e
The formation of an unisolated hemi-acetal 6 proceeds via nucleophilic attack by 
solvent methanol on the primary epoxide product (Scheme 23); this is followed 
by a rearrangement to yield the hemi-acetal (and subsequently further 
rearrangement to 4); the mechanism is analogous to that proposed for the Hooker 
oxidation (Scheme 17).
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CH^ q < H . OH
H20 2, (F20TPP)FeCl
 ►
MeOH, CH2C12, RT
MeOH.
4d: R=c/s-4-fe/'/-butylcyclohexyl
4e: R=(/>wra-4-fe#*f-biityIcycIohexyl)methyl
Scheme 23 Mechanism for the formation of hemiacetal 6 from hydroxynaphthoquinones ld-e.
Epoxidation of the flat hydroxynaphthoquinone would yield a cis epoxide.. 
Nucleophilic attack by methanol will occur from the top face of the epoxide 
molecule (as depicted in Scheme 23), resulting in the two hydroxyl groups of the 
hemi-acetal product being cis to each other.
The mechanism of the rearrangement of this hemi-acetal to 4 is not clear with 
various ring-opening and concerted rearrangements having been postulated for the 
reaction under ‘Hooker’ conditions.45, 46, 48 Scheme 24 shows a proposed 
concerted (benzilic acid-type rearrangement) route.
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Scheme 24 Mechanism for the formation of products 4d-e from hemiacetal 6.
3.1.3 Site o f nucleophilic attack on epoxide
It is interesting to note that in the fonnation of products 3b-e, the starting material 
attacks at position 2 (alkyl substituted) of the epoxide, whereas products 4d-e 
derive from the attack of methanol on carbon 3-C (hydroxy substituted). The 
products that might be expected if the positions of nucleophilic attack were 
reversed are shown in Scheme 25.
h 2o
o
o
R
0  OCH3
Scheme 25 Products which might be expected from attack of solvent or starting material on 
epoxide.
57
Chapter 2 - Oxidation of 2-alkyT3-hydroxynaphtho-l,4-quinones
The reason for attack of methanol at 3-C rather than 2-C of the epoxide (to yield 
the hemiacetal 6) in the reaction leading to the ester 4 can be explained as the 
commonly-observed preference for an epoxide to undergo nucleophilic ring- 
opening via an A2 mechanism (i.e. SN2-like attack of the nucleophile on the 
epoxide carbon) at the less hindered site, 3-C in this case. Furthermore, if as 
seems likely here, the ring-opening proceeds via a Lewis acid-catalysed A2 
mechanism (borderline A2/A1), the site with the greater 5+ would be 3-C with the 
adjacent electron donating OH, and preference for attack at 3-C would be 
enhanced.
The fact that 3 is derived from nucleophilic attack at the apparently less favoured 
2-C of the epoxide is explained as follows (see Scheme 26). As above, the more 
electrophilic site is 3-C, assuming an A2 opening of a Lewis acid-complexed 
epoxide. However, since the nucleophile ‘:ONpQn is a much better leaving group 
than ‘:OCH3,r the reverse reaction of the ‘kinetic’ product 7 becomes important. 
The slower attack at 2-C yields the product 8, and while this would likewise be 
susceptible to reverse to epoxide, there is now a facile irreversible collapse of this 
mono-deprotonated gem diol 8 to the lceto form 3, the irreversibility enhanced by 
the ready precipitation of 3.
r The deprotonated form is relatively stable as shown by the relatively liigh acidity of 
hydroxynaphthoquinones - (see text later).
—
Chapter 2 - Oxidation of 2-alkyl-3~hydroxynaphtho-l,4~quinones
'ONpQn =
Scheme 26 Mechanism of formation of product 3
3.1.4 Mechanism o f formation o f 3“CyclohexyI-3-hydroxy-2-oxo~
2,3-dihydronaphtho-l,4-quinone 5b
It is proposed that the formation of 5b proceeds via epoxidation of 
hydroxynaphthoquinone l b ,  followed by acid-catalysed collapse of the epoxide to 
yield the 1,2,4-triketone, as shown in Scheme 27.
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.OH
R
O O
2
5b: R=cyclohexyl
Scheme 27 Proposed mechanism for the formation of 3 -cyclohexyl-3 -hydroxy-2-oxo-2,3 - 
dihydronaphtho-1,4-quinone 5b
3.1.5 Reaction o f 2-cycloheptyI-3-methoxyiiapIitho-l,4-quiiioiie
The hydroxynaphthoquinones react readily in the iron porphyrin/hydrogen
peroxide biomimetic system, but the corresponding methoxynaphthoquinone is 
apparently completely inert. It seems unlikely that the lack of reactivity around 
the 2-C, 3-C double bond could be solely due to steric effects of the additional 
methyl group. It is more probable that the difference in reactivity is an electronic 
effect. However, the electron density around the double bond would not be 
greatly altered by the presence of a methoxy group in place of a hydroxyl group. ^
11 An indication of electron-donating ability is given by o* values of -0.78 for MeO, -0.92 for HO 
and -4.27 for O' (!!) [J March, Advanced Organic Chemistry (4th edn.), Wiley-Interscience, New 
York, 1992, p 280],
Chapter 2 - Oxidation of 2-alkyl-3-hydroxynaphtho-l,4-quinones
It is proposed that the reactive species in the oxidation of compounds la-e is not 
the hydroxynaphthoquinone itself, but an anion derived from the dissociation of 
the hydroxyl proton (Scheme 28). The negative charge on the oxygen atom of the 
anion can donate substantial electron density to the double bond and render it far 
more susceptible to electrophilic attack by the active iron porphyrin oxidising 
species.
Scheme 28 Loss of hydroxyl proton to produce hydroxynaphthoquinonyl anion.
The extent of dissociation of the proton (i.e. the pKa of the 
hydroxynaphthoquinone) under the reaction conditions is not known. However, 
the pKa of 2-hydroxynaphtho-l,4-quinone is 3.98 in water at 25°C.49 Lapachol (1, 
R'=H, R2=CH2CHC(CH3)2) has a pK„ value of 5.02 in water at 30°C,50 and of 
6.32 in 50% acetone/water at 25°C.49
Consumption of the anion through reaction with the oxo-iron porphyrin 
compound will push the equilibrium as shown in Scheme 28 to the right, allowing 
full consumption of the hydroxynaphthoquinone. Treatment of compounds la-e 
(coloured yellow in neutral or acid solution) with aqueous base results in an 
intense mauve colour; this mauve colour was not observed in the oxidation 
reactions performed, indicating that no build-up of the anion was occurring. This
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supports the proposal that the rate constant for the reaction of the active iron 
porphyrin oxidising agent with the hydroxynaphthoquinone anion is high, and that 
this drives the dissociation of the proton from the hydroxynaphthoquinone.
4. Conclusions
4.1 Stability of catalyst
Clearly, this system is a veiy efficient one for the oxidation of 
hydroxynaphthoquinones; the failure to purify and characterise the 1 ° epoxide 
product is due to its own reactivity towards the nucleophilic species present in the 
reaction mixture. Of particular importance is the relative stability of the catalyst 
(present even at the end of the reaction) under conditions which are essentially 
preparative.
In drug metabolism work, the preparation of a range of putative metabolism 
products in quantities suitable for full characterisation is an important aspect. 
These are used for comparison with products from in vivo experiments which are 
often detected only at GC/HPLC/MS levels. It seems clear that the above system 
is likely to be a useful one for such work, particularly with systems having 
reactive double bonds.
4.2 In vivo metabolism of hydroxynaphthoquinones
The nature of the products found using the iron porphyrin/hydrogen peroxide 
catalytic oxidising system, proposed as a P450 mimic, suggests that the P450 
metabolite of the hydroxynaphthoquinones could be the epoxide. However, in
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vivo studies carried out on these compounds have resulted in the isolation of 
products resulting from hydroxylation, e.g. of the /e/Y-butyl group in position 4 of 
the cyclohexyl ring of hydroxynaphthoquinones ld-e, or through hydroxylation of 
the ring itself in the case of compounds lb-c.36
Clearly, the products and intermediates identified in this work are different to 
those that appear to have been isolated from the metabolic studies.36 Fieser noted 
that \..T he chromophoric group o f  the hydroxyalkylnaphthoquinones is extremely
sensitive to chemical oxidation^ ....... In the process o f  metabolic oxidation,
however, the firs t po in t o f  attack i s  the hydrocarbon side chainI However, the
possibility of other metabolic products such as those derived from an initially- 
formed epoxide cannot be dismissed. In much of the work by Fieser, it is not 
clear what proportion of ‘hydroxylated5 product was isolated relative to the 
amount of hydroxynaphthoquinone administered, but detection of such reactive 
primary oxidation products as the epoxide after metabolism would be very 
difficult, the high electrophilicily of the epoxide is evident throughout this work.
43 Summary
Oxidation of hydroxynaphthoquinones la-e by hydrogen peroxide using 
to?rt/riXpentafluorophenyl)porphine iron(III) chloride as catalyst was carried out 
with complete consumption of the starting material. The primary product is 
believed to be the epoxide formed across the 2-C, 3-C double bond; however, the
11 It is re-iterated that, in this work, no reaction of the hydroxynaphthoquinones was noted without 
the Fe(III)TF5PP catalyst being present.
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compound forms a resinous material on silica and could not be isolated by 
column chromatography. Stable products isolated in low yield; these are thought 
to be the result of nucleophilic attack on the epoxide of either starting material 
(products 3b-e), or the methanol solvent (products 4d-e).
The key finding here is that that all the evidence points to initial formation of a 
very reactive epoxide under biomimetic oxidation conditions. Whether such a 
species is active in the mechanism of in vivo therapeutic activity shown by the 
hydroxynaphthoquinones can, at this stage, only be speculative
5. Experimental
5.1 Materials
2-Hydroxynaphtho-l,4-quinone (98%+) was obtained from Lancaster Synthesis 
and was used as received. Hydroxynaphthoquinones lb-e were supplied by the 
Wellcome Foundation and were checked by !H-NMR and TLC before use. 
Hydrogen peroxide (60 and 30% solutions in water) was purchased from BDH 
Laboratory Supplies and its exact concentration determined by UV analysis (s242 =
39.4 dm3 mol' 1 cm'1). 5,10,15,20-ftrtra/a>-(pentafluorophenyl)porphine iron(III) 
chloride ([F2oTPP]FeCl) was obtained from Aldrich and used as received.
5.2 Analysis
Routine ]H and 13C-NMR spectra were run on a Braker AC300-E spectrometer 
(!H 300.13 MHz, TMS at 0.00 ppm; 13C 75.47 MHz, CHC13 at 77.00 ppm). 
Certain ]H- and 13C-NMR spectra and some correlation experiments were run on
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a 600 MHz spectrometer. These were carried out by Dr. Duncan Farrant at the 
Wellcome Foundation. Infrared spectra were recorded on a Perkin-Elmer System 
2000 FT-IR (KBr discs). Melting points were determined on a Reichert hot-stage 
apparatus and are uncorrected. Elemental analyses were carried out by Miss 
Nicola Walker at the University of Surrey. Mass spectra (routine and high 
resolution) were perfonned at the physical chemistry laboratories of the 
Wellcome Foundation.
5.3 Reactions
5.3.1 Oxidation of 2-hydroxynaphtho-l,4-quinone la
Compound la  (1.03 g, 5.9 mmol) was dissolved in methanol / dichloromethane
(3:1, 80 cm3) in a 250 ml round-bottomed flask.
te/ra/cA(pentafluorophenyl)porphine iron(III) chloride (28 mg, 26 pmol) was 
weighed into a 2 cm3 sample bottle and transferred to the reaction flask with 3 x 1  
cm3 dichloromethane. Hydrogen peroxide (60% w/v, 0.95 cm3, 17 mmol) was 
added in a single addition. The reaction solution was then stirred for 2% hours. 
Water (ca. 100 cm3) was added, and the aqueous layer extracted with ethyl acetate 
(ca. 40 cm3). The combined organic layers were dried over sodium sulphate, then 
adsorbed on to silica for column chromatography. The mixture was eluted with 
diethyl ether, followed by ethyl acetate, then methanol to yield three fractions. 
Preparative TLC of the second fraction followed by recrystallisation yielded 2,3- 
dihydroxynaphtho-l,4-quinone (< 2 mg, < 0.2%); 5H(300 MHz, CDCI3 ) 4.65 (br
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s, HO and water), 7.81-7.90 (2H, m), 8.02-8.13 (2H, m); m/z (El) 190 (M+, 79%), 
162 (96), 144 (13), 132 (33), 104 (100).
5.3.2 Oxidation of 2-cyclohexyi-3-hydroxynaphtho-l,4-qiiinone 
lb  and isolation of product 3b
Compound lb (516 mg, 2.0 mmol) was weighed into a 50 cm3 round-bottomed 
flask and dissolved in 20 cm3 methanol-dichloromethane (3:1). 
fefr’a/cA(Pentafluorophenyl)porphine iron(III) chloride (4.3 mg, 4.0 pmol) was 
weighed into a 2 cm3 sample bottle and transferred to the reaction flask with 3 x 1  
cm3 dichloromethane. Hydrogen peroxide (30 %  w/v, 275 mm3, 2.4 mmol) was 
added to the reaction mixture in 25 mm3 aliquots over a period of 90 min. using a 
25 nun3 syringe. The reaction mixture was reduced to ca  5 cm3 by evaporation of 
the solvent under reduced pressure, resulting in the precipitation of 3-cyclohexyl-
3-(2-cyclohexylnaphtho-1,4-quinon-3-yl)oxy-2-oxo-2,3-dihydronaphtho-l ,4- 
quinone 3b as a bright yellow solid (43 mg, 8.4%), mp 221-223°C (from MeOH); 
(Found: C, 74.33; H, 5.92. C32H3o0 6 requires C, 75.28; H, 5.92%); vmax(KBr)/cm‘ 
1 2930, 2848, 1743, 1697, 1652, 1592, 1569, 1336, 1303, 1261, 1239, 1195, 935, 
717; 5h (600 MHz; CDClj) 1.05-1.21 (4H, m), 1.23-1.31 (2H, m), 1.34-1.43 (3H, 
m, 2-H, 6'-H), 1.64-1.70 (2H, m), 1.76-1.85 (5H, m, 2"'-H, 6’"-H, 2'-H, 6'-H), 1.90- 
1.94 (2H, m), 2.12 (1H, tt, 7  10.2, 3.1, l'-H), 2.20 (2H, dq, 7  12.5, 3.9, 2"’-H, 6'"- 
H), 3.27 (1H, tt, 7 12.1, 3.2 T-H), 7.47 (1H, td, 77.2, 1.2, 7’’-H), 7.61 (1H, dd, 7  
7.6, 1.2, 8"-H), 7.63 (1H, td, 77.9, 1.2, 6"-H), 7.91 (1H, td, 77.3, 1.8, 7-H), 7.93 
(1H,td,77 .2 ,1 .7 ,6-H), 7.99 (1H, d d ,78 .0 ,1.2, 5"-H), 8.19 (1H, d d ,76 .9 ,1.7,5- 
H), 8.42 (1H, dd, 7  6.9, 1.7, 8-H); Sc(150 MHz; CDC13) 25.79, 26.13, 26.20,
26.27, 27.06, 27.08, 27.44, 27.84, 29.27, 29.45, 36.75, 45.99, 95.97, 126.15,
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126.32, 128.03, 129.94, 130.49, 132.11, 132.67, 133.25, 134.39, 134.65, 135.18,
135.98, 136.09, 151.52, 180.84, 182.48, 184.58, 184.71, 189.01; HRMS 
510.20093 (C32H3o0 6 requires 510.20424).
5.3.3 Oxidation of 2-cyclohexyl-3-hydroxynaphtho-l ,4-quinone 
lb  and isolation of product 5b
2-Cyclohexyl-3-hydroxynaphtho-l,4-quinone lb (52 mg, 0.20 mmol) was treated 
with hydrogen peroxide (60% w/v, 15 mm3, 0.27 mmol) in the presence of 
fc/ra/a's(pentafhiorophenyl)porphine iron(HI) chloride (1.5 mg, 1.4 pmol). A 
portion of the crude product (ca. 10  mg) was injected onto a semi-preparative 
silica HPLC column with chloroform as the eluent. Fractions of one very broad 
band and numerous smaller peaks were collected. The fractions from the broad 
band were recombined, then injected once more onto the semi-preparative column 
to give a well-separated sharp peak, yielding 3-cyclohexyl-3-hydroxy-2-oxo-2,3- 
dihydronaphtho-l,4-quinone 5b (<5 mg) 8H(300 MHz; CDC13); cyclohexyl 
protons: 1.23-1.40 (4H, m), 1.41-1.71 (2H, m), 1.72-1.81 (2H, m), 1.94-2.04 (2H, 
m), 2.54 (1H, tt, J  10.9, 3.3); 5.11 (1H, s), 7.88-7.93 (2H, m), 7.99-8.04 (2H, m); 
m/z 272 (M+, 2%), 162 (46), 146 (5), 133 (21), 111(80), 97 (4), 83 (100, C6Hn+).
5.3.4 Oxidation of 2-cycloheptyl-3-hydroxy-l,4-naphthoquinone 
l c  and isolation of product 3c
Compound lc  (534 mg, 1.98 mmol) was weighed into a 50 cm3 round-bottomed 
flask and dissolved in methanol / dichloromethane (3:1, 20 cm3). 
terra/cw(pentafluorophenyl)porphine iron(III) chloride (1.0 mg, 0.94 pmol) was 
weighed into a 2 cm3 sample bottle and transferred to the reaction flask with 3 x 1
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cm3 of the same solvent. A dropping funnel was charged with a solution of 
hydrogen peroxide (60 % w/v, 120 mm3, 2.1 mmol) in methanol (10 cm3). This 
solution was added to the reaction flask at a steady rate over a period of 3 hours. 
Removal of a portion of the solvent by evaporation under reduced pressure 
yielded 3 -cycloheptyl-3 -(2-cycloheptylnaphtho-1,4-quinon-3-yl)oxy-2-oxo-2,3-
dihydronaphtho-l,4-quinone 3c as a yellow precipitate (30 mg, 5.6%), mp 212- 
215°C; (Found: C, 75.41; H, 6.17. C34H340 6 requires C, 75.82; H, 6.36%); v 
max(KBr)/cm_1 2922,2857,1742, 1702, 1651,1592, 1571, 1456,1336, 1295, 1249, 
1227, 1199, 1160, 964, 932, 794, 717; 8H(300 MHz, CDC13) 1.26-1.53 (9H, m), 
1.53-1.80 (9H, m), 1.80-2.05 (4H, m), 2.05-2.30 (3H, m), 3.48 (1H, m, F-H), 7.47 
(1H, t, J7.3,7"-H), 7.59 (2H, m, 6"-H, 8"-H), 7.88 (2H, m, 6-H, 7-H), 7.98 (1H, d, 
J  7.7, 5"-H), 8.16 (1H, d, J  9.0, 5-H), 8.41 (1H, d, J  9.1, 8-H); 5C (75 MHz, 
CDC13) 26.91, 27.03, 27.32, 27.87, 28.11, 28.17, 28.84, 28.93, 29.12, 29.69, 
32.00, 32.17, 37.48, 48.11, 96.04, 126.12, 126.39, 128.00, 128.95, 130.49,
131.98, 132.73, 133.25, 134.40, 134.63, 135.37, 135.97, 138.11, 150.51, 180.92, 
182.53, 184.45, 185.08, 189.28; m/z (El) 538 (M+); HRMS Found 538.2360 
(C34H340 6 requires 538.2355).
5.3.5 Oxidation of 2-cycIoheptyl-3-hydroxy-l,4-naphthoquinone 
l c  and partial characterisation of epoxide 2c
In a separate reaction, treatment of 2-cycloheptyl-3-hydroxynaphtho-l,4-quinone 
lc  (123 mg, 450 jmnol) with hydrogen peroxide (60% w/v, 27 mm3, 480 jamol) in 
the presence of fe/ra/cA(pentafluorophenyl)porphine iron(HI) chloride (1.6 mg, 1.5 
pmol) gave 2-cycloheptyl-3-hydroxynaphtho-l,4-quinone oxide 2c, which was 
extracted into diethyl ether, dried over magnesium sulphate and filtered : 5h(300
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MHz, CDCI3) 1.21-2.05 (m), 2.09-2.18 (1H, m), 3.93 (br), 7.93 (2H, m), 8.20 (1H, 
d, J7.4), 8.29 (1H, 0J7 .O ) .
5.3.6 Oxidation of e/s-2-(4-tefY-butylcycloliexyl)-3- 
hydroxynaphtho-l,4-quinone Id  and isolation o f product 3d
Compound Id (619 mg, 1.98 mmol) was weighed into a 50 cm3 round-bottomed 
flask and dissolved in methanol-dichloromethane (3:1, 10 cm3).
te/ra£A(pentafluorophenyl)porphine iron(III) chloride (4.5 mg, 4.2 pmol) was 
weighed into a 2 cm3 sample bottle and transferred to the round-bottomed flask 
with 3 x 1  cm3 of the same solvent. A dropping funnel was charged with a 
solution of hydrogen peroxide (60 % w/v, 112 mm3, 1.98 mmol) in methanol (10 
cm3). This solution was added to the reaction flask at a steady rate over a period 
of 2 hours, resulting in the precipitation of cA-3-(4-tot-butylcyclohexyl)-3-(cw-2- 
(4-fe/Y-butylcyclohexyl)naphtho-l,4-quinon-3-yl)oxy-2-oxo-2,3-dihydronaphtho-
1,4-quinone 3d (31.5 mg, 5.1 %), mp >222°C (from MeOH); vmnx(KBr)/cm' 1 
2954, 2868, 1747, 1695, 1647, 1591, 1568, 1337, 1251, 1201 and 717; 8H(300 
MHz; CDCI3) 0.75 (9H, s, Bu1), 0.92 (9H, s, Bul), 1.12 (3H, m), 1.30 (1H, 111), 
1.41-1.51 (5H, m), 1.59-1.85 (7H, m), 2.28 (3H, m), 3.51 (1H, m, 1"'-H), 7.47 (1H, 
t, J  8.0), 7.62 (2H, m), 7.91 (2H, m), 7.99 (1H, d, J  7.5), 8.18 (1H, m), 8.42 (1H, 
m); 8C(75 MHz; CDC13) 22.77, 22.94, 23.06, 23.29, 23.37, 23.48, 25.56, 25.67, 
27.48, 27.68, 30.74, 32.83, 33.13, 41.87, 41.93, 42.60, 51.47, 95.58, 126.15, 
126.39, 128.22, 128.99, 130.49, 132.13, 132.71, 133.22, 134.39, 134.66, 135.19, 
135.96, 137.03, 151.42, 180.89, 182.33, 184.59, 184.68, 189.23; m/z (El) 622 
(2%), 312 (100), 255 (48) (HRMS Found M, 622.32825. C 4oR a606 requires M  
622.32944).
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5.3.7 Oxidation of c/s-2-(4-te/7-butylcyclohexyl)-3- 
hydroxynaphtho-l,4-quinone Id and isolation o f product 4d
In a separate reaction, treatment of cw-2-(4-/er/-butylcyclohexyl)-3- 
hydroxynaphtho-l,4-quinone Id (513 mg, 1.64 mmol) with hydrogen peroxide 
(60% w/v, 100  mm3, 1.8  mmol) in the presence of 
te/ra/as'(pentafluorophenyl)porphine iron(III) chloride (2.2 mg, 2.1 pmol) yielded 
methyl 2-(c«-4-ter/-butylcyclohexyl)-2,3-dihydroxy-l-oxoindan-3-carboxylate 4d 
(8.4 mg, 1.4%), mp 116-117°C (from hexane); 5H(300 MHz; CDC13) 0.76 (9H, s, 
tert-Bu), 0.81-1.50 (7H, m, cyclohexyl CH, CH2), 2.09-2.22 (3H, m, cyclohexyl 
CH, CH2), 3.13 (1H, s, OH), 3.62 (3H, s, OMe), 4.37 (1H, s, OH), 7.55 (1H, t, J  
7.6), 7.62 (1H, d, /7 .6 ), 7.72 (1H, t, J7.3), 7.80 (1H, d, J7.5).
5.3.8 Oxidation of 2-(#wi$-4-te/7"butylcyclohexyl)inethyl-3- 
hydroxynaphthO“l,4~qtiinone le  (procedure A) and isolation of 
product 3e
Compound le  (614 mg, 1.88 mmol) was weighed into a 50 cm3 round-bottomed 
flask and dissolved in methanol-dichloromethane (1:1, 30 cm3).
ferraA7s(pentafiuorophenyl)porphine iron(III) chloride (7.9 mg, 7.4 jumol) was 
weighed into a 2 cm3 sample bottle and transferred to the reaction flask with 3 x 1  
cm3 dichloromethane. A dropping funnel was charged with a solution of 
hydrogen peroxide (60 % w/v, 200 mm3, 3.5 mmol) in methanol (5 cm3). This 
solution was allowed to add to the stirred reaction mixture over a period of 2 
hours. TLC of the reaction solution after this time indicated complete 
consumption of the starting material. The volume of the reaction solution was 
reduced to ca, 5 cm3 by evaporation of the solvent under reduced pressure,
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resulting in precipitation of a yellow solid. The solid was collected by filtration 
and washed with cold methanol to yield 3-(/ra«s-4-te/Y-butylcyclohexyl)methyl-3- 
(2-(fr<m9-4-fe/Y-butylcyclohexyl)methylnaphtho-l,4-quinon-3-yl)oxy-2-oxo-2 ,3 - 
dihydronaphtho-1,4-quinone 3e (73.5 mg, 6.0%) mp 193-201°C (from MeOH); 
(Found: C, 74.58; H, 7.62. C42H50O6 requires C, 77.51; H, 7.74%); vmax(KBr)/cm‘ 1 
2940, 2859, 1748, 1701, 1654, 1592, 1338, 1257, 1202, 935, 719; 8H (360 MHz, 
CDCI3) 0.75-1.30 (26H, m), 1.50-2.05 (14H, m), 2.73 (2H, d, J  7.1, Ctf2-C=C), 
7.51 (1H, t, J6.9, 7"-H), 7.64 (2H, m, 6"-H, 8"-H), 7.94 (2H, m, 6-H, 7-H), 8.02 
(1H, d, J7.4, 5"-H), 8.22 (1H, d, J  8.6, 5-H), 8.41 (1H, d, J  8.8, 8-H); 8C(75 MHz, 
CDCI3) 29.43, 29.58, 29.65, 33.72, 34.40, 34.46, 35.04, 36.36, 36.40, 37.18, 
37.23, 40.19, 46.81, 49.69, 50.30, 96.02, 128.30, 128.63, 130.67, 131.03, 132.99, 
133.84, 134,63, 134.91, 135.12, 136.38, 136.69, 138.08, 153.63, 183.22, 184.17, 
186.68, 190.93; m/z (El) 650 (M*); HRMS Found 650.36349 (C42H50O6 requires 
650.36074).
5.3.9 Oxidation o f 2-(fr«fi^4-fe/T-butylcyclohexyl)methyl-3- 
hydroxynaphtho-l,4-quinone le  (procedure B) and isolation of 
product 4e
In a separate reaction, 2-(/ra/w-4-te/7-butylcyclohexyl)methyl-3-hydroxynaphtho-
1,4-quinone le  (618 mg, 1.89 mmol) was weighed into a 250 cm3 round-bottomed 
flask and dissolved in 54 cm3 methanol-dichloromethane (1:1). 
te/ra£/s(pentafluorophenyl)porphine iron(m) chloride (25.5 mg, 24 pmol) was 
weighed into a 2 cm3 sample bottle and transferred to the round-bottomed flask 
with 3 x 2  cm3 methanol. While stirring, hydrogen peroxide (60 % w/v, 1.0 cm3, 
18 mmol) was added dropwise over a period of 1 min. The reaction mixture was
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allowed to stir for 16 hours, then water (ca. 40 cm3) was added, and the aqueous 
layer extracted with 3 x 40 cm3 ethyl acetate. The organic layer was dried over 
sodium sulphate, filtered and the solvent removed under reduced pressure. 
Column chromatography of the residue on silica gel with petroleum ether-diethyl 
ether mixtures yielded methyl 2-(/r<ms,-4-/er^butylcyclohexyl)methyl-2,3- 
dihydroxy-1 -oxoindan-3-carboxylate 4e (136 mg, 19%), mp 139-140°C (from 
hexane); (Found : C, 70.0; H, 8.2. C22H30O5 requires C, 70.6; H, 8.1%); v 
roaxPCBij/cm' 1 3488 and 3414 (2 x OH), 2941 (C-H), 1752 (indanone CO), 1719 
(cx-HO ester CO); 8H(300 MHz, CDC13) 0.65-1.05(14H, m), 1.25-1,40 (2H, m), 
1.45-1.55 (1H, m), 1.55-1.75 (2H, m), 1.80-1.95 (2H, m), 3.10 (1H, s, 3.63 
(3H, s, OCH$), 4.35 (1H, s, O H ), 7.56 (1H, t, J  7.4), 7.63 (1H, d, J  7.6), 7.72 (1H, 
t, J  7.6), 7.82 (1H, d, J7.6); 8C(75 MHz, CDC13) 27.19, 27.28, 27.48, 32.30, 
32.81, 35.06, 35.21, 42.67, 47.59, 53.74, 83.98, 88.46, 123.53, 124.24, 130.11,
134.99, 135.42, 148.36, 172.71, 202.66; (El) 374 (M+); HRMS 374.20915 
(C22H30O5 requires 374.20932).
5.3.10 Preparation of 2-cydoheptyi-3“methoxynaphtIio-l,4“ 
quinone I f
2-cycloheptyl-3-hydroxynaphtho-1,4-quinone lc  (503 mg, 1.86 mmol) was 
weighed into a 50 cm3 round-bottomed flask and dissolved in dichloromethane 
(10 cm3). Water (15 cm3) was added, followed by sodium hydroxide pellets (177 
mg, 4.44 mmol) and benzyltributylammonium chloride (665 mg, 2.12 mmol).. 
The contents of the flask were stirred vigorously to dissolve the solid material. 
Subsequently, iodomethane (0.35 cm3, 5.6 mmol) was added and the solution 
allowed to stir for 2 days. The reaction solution was then extracted with 3 x 10
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cm3 dichloromethane. The combined organic layers were reduced to ca. 1 cm3 by 
evaporation, water (20 cm3) was added and the product extracted with 3 x 20 cm3 
diethyl ether. The combined ether layers were washed successively with 
ammonium hydroxide (2M, 3 x 20 cm3), sodium hydroxide (2M, 3 x 20 cm3) and 
finally with a saturated solution of brine (3 x 20 cm3). Then the organic layer was 
dried over magnesium sulphate and filtered. Evaporation of the organic layer 
yielded If as an orange oil (437 mg, 83%); 8H(300 MHz; CDC13) 1.47-1.71 (8H, 
m, CH2), 1.79-1.86 (2H, m, CH2), 1.89-2.01 (2H, m, CH2), 3.23 (1H, tt, J  10.6, 
3.5), 4.07 (3H, s, OCtf3), 7.67 (2H, m), 8.04 (2H, dd, J  8.6,2.7).
5.3.11 Attempted oxidation of 2“Cycloheptyl-3-methoxynaphtho-
1,4-quinone I f
Compound If (37 mg, 0.13 mmol) was weighed into a 25 cm3 round-bottomed 
flask and taken up in methanol / dichloromethane (3:1, 10cm3).
fe/ra/os(pentafluorophenyl)porphine iron(III) chloride (4.0 mg, 3.8 pmol) was 
weighed into a 2 cm3 sample bottle and transferred to the reaction flask with 3 x 1  
cm3 of the same solvent. While stirring, hydrogen peroxide (60% w/v, 7.5 mm3, 
0.13 mmol) was added in 1.5 mm3 aliquots over a period of ca. 20 min. using a 25 
mm3 syringe. Water (ca. 20 cm3) and dichloromethane (ca. 20cm3) were added to 
the reaction mixture; the organic layer was dried over magnesium sulphate, then 
the solvent was removed in vacuo. Analysis of the residue by ]H-NMR and TLC 
showed no reaction had taken place.
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M e t a l l o p o r p h y r i n - C a t a l y s e d  O x i d a t i o n  o f  
P y r i m i d i n e s  a n d  N u c l e o s i d e s  b y  H y d r o g e n  
P e r o x i d e
1. Introduction
Studies on a series of hydroxynaphthoquinones demonstrated that 
fc/ra£/Xpentafhiorophenyl)porphine iron(III) chloride is an effective catalyst for 
the epoxidation of activated alkenes by hydrogen peroxide (chapter 2). In this 
chapter, the catalyst-oxidant system is tested on certain pyrimidines (6-14) which 
are known to be metabolised by cytochrome P450, and a small selection of 
nucleosides (1-5) whose metabolism is mediated by other enzymes.
As with the hydroxynaphthoquinones, the multi-functionality of the substrates 
may be noted: pyrimidines 6-14 contain both aromatic and heteroaromatic
regions, while an N-methyl group, a target functional group for cytochrome P450, 
is a feature of one compound: 4-amino-2-(4-methyl-l-piperazinyl)-5-(2,3,5- 
trichlorophenyl)pyrimidine 10. Nucleosides 1-5 contain alkyne or thiol functional 
groups in addition to sugar, amide and alkene moieties.
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4 5
Meunier’s review contains a section on the oxidative cleavage of DNA and RNA 
(polynucleotides) by metalloporphyrin-catalysed oxidation.51
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2. Results
2.1 Reactivity of a selection of nucleosides with catalyst 
and hydrogen peroxide
The reactivity of compounds 1-5 in the presence of hydrogen peroxide and 
terra£w(pentafluorophenyl)porphine iron(33I) chloride was investigated in small 
and preparative scale reactions.
2.1.1 Initial investigation of reactivity by TLC
The reactivity of nucleosides 1-5 was studied initially by TLC. Reactions were
earned out on a small scale (substrate, ca. 14 mM; catalyst, 0.81 mM; hydrogen 
peroxide, 16 mM) in methanol/dichloromethane (3:1, 1.1 cm3), while control 
reactions omitting either catalyst or oxidant were also carried out. TLCs of the 
resulting reaction mixtures and controls after three days are shown for each 
nucleoside in Figure 19a, while Figure 19b shows TLCs of the same reactions two 
hours after further addition of catalyst and oxidant (total catalyst: 1,7 mM; 
oxidant: 29 mM).
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Figure 19 TLC of reactions of nucleosides 1-5. Column 1 (left): nucleoside; column 2: nucleoside 
plus oxidant; column 3 (right): nucleoside plus catalyst and oxidant, a. Nucleoside, ca. 14 mM; 
catalyst, 0.81 mM; hydrogen peroxide, 16 mM; TLC after 3 days. b. Same solutions, additional 
catalyst and oxidant added to give catalyst, 1.7 mM; hydrogen peroxide, 29 mM; TLC after 10 
min. Eluent: ethyl acetate.
Nucleosides 1-5 are clearly less reactive towards this catalytic system than the 
hydroxynaphthoquinones, which reacted fully with only a slight molar excess of 
hydrogen peroxide (Chapter 2). 2'-Deoxy-5-ethyl-p-4'-thiouridine 5 is the most 
reactive of the nucleosides, although 5 also reacted in the absence of catalyst. To 
make a more quantitative assessment, nucleosides 1-5 were studied by ^-NMR.
2.1.2 XH-NM R investigation of the oxidation o f nucleosides 2-5
In this study, hydrogen peroxide was added in a single injection to a solution of
the nucleoside and the catalyst (in methanol/dichloromethane [3:1], 10 cm3), 
yielding reaction mixture concentrations as shown in
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Table 5 (see p. 84).m After a given reaction time (80 min. for compounds 3 and 4, 
15 hours for nucleosides 2 and 5), the solutions were concentrated in vacuo and 
the residue taken up in cfy-DMSO for analysis by ^-NMR. A limited reaction 
was observed for compounds 2-4; the NMR spectral changes are typical and are 
shown in Figure 20.1V
Assignment of peaks in the NMR spectra of the starting material 3 are shown in 
Table 4; assignments for nucleoside 5 are also given for later discussion.
Note:
In the reactions of nucleosides 2-4, ]H-NMR analyses assume that only one 
product is being formed in the oxidation reaction, and in the reaction of 
nucleoside 5, that only two products are being formed. It is also being assumed 
that the ratio of certain measured integrals in the 1 H-NMR spectra gives the ratio 
of starting materials and products. It should be noted that in the absence of 
collaborative evidence, these assumptions are invalid: for example, the data may
Examination of the lH-NMR spectra indicates the formation of only one product. It was found in 
the cases of compounds 2-4 that while no reaction took place in the absence either of oxidant or 
catalyst, when both were present some of the substrate reacted to give a single product. But, see 
Note above.
IV Each of the nucleosides shows a distinct singlet in the region 7-9 ppm, attributed to proton 6-H. 
Product peaks appear as further distinct peaks in the same region; these singlets are also assigned 
to analogous protons (6-H) in the (putative) products and used to calculate yields. But, see Note 
above.
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easily be skewed by the presence of further products and/or dimers. Also, NMR 
evidence alone does not support the conclusion that only product has formed.
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Figure 20 !H-NMR spectra in <A-DMSO of 2’-deoxy-5-(prop-l-ynyl)uridine 3 stirred with catalyst 
only (top), stirred with oxidant only (middle), and stirred in the presence of catalyst and hydrogen 
peroxide (bottom). Reaction times: 80 min. Spectra referenced to DMSO at 2.5 ppm.
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Table 4 Assignment of peaks in the !H-NMR spectra of2,-deoxy-5-(prop-l-ynyl)uridine 3 and 2’- 
deoxy-5-ethyl-p~4’-thiouridine 5. Solvent: d^DMSO, referenced to TMS. Assignments based on 
chemical shift and splitting patterns.
Position 3 5
3-Ntf 11.55 (br) 11.30 (br)
6-H 8 .11  (s) 7.79 (s)
V  -H 6 .12  (X^J 6.1) 6.29 (t,J 8.1)
t -c h 2 2 .10  (m) 2.19 (m)
y - H 4.23 (m) 4.37 (m)
y -O H 5.23 (d, J4.2) 5.24 (d ,/3 .8)
y - H 3.78 (m) -
4’-SH - 3.29 (m)
5’- c h 2 3.58 (m) 3.60 (m)
y -O H 5.09 (t,J 4.9) 5.18 (t,J 5.3)
5-OC-C 1.98 (s) -
5-Ctf2CH3 - 2.24 (q, J7.4)
5-CH2C#3 - 1.04 (t, 77.4)
The presence of numerous small peaks alongside the peaks of starting material 3 
in the NMR spectrum (Figure 20) is evidence of some reaction in the presence of 
oxidant and catalyst. On close inspection, these peaks are well-defined and 
indicate that only one product has formed,'' which allows a value for yield to be 
calculated from a product singlet at 8.81 ppm (cf. a starting material singlet at 
8 .11  ppm).
v See Note, page 79.
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Table 5 ^-N M R  study of the reactivity of nucleosides 2-5 and distribution of products. 
Reference: <4~DMS0 at 2.5 ppm.
Nucleoside Substrate Catalyst Oxidant Yield
mol. %
2 5.4 x 10"5 1.6  x 1 (P 8.8 xlO '5 6
3 5.7 x 10'5 6 x 10 '7 6.0 x 10"5 7
4 6.6 x 10 ‘5 4 x 10‘7 7.0 x 10'5 7
S 6.2 x 10 ‘5 0 8.8 x 10 ’5 13.8 (prod. A) 
25.5 (prod. B)
s 7.4x1 O’5 1.1 xlO '6 8.8 x 10 '5 6.2 (prod. A) 
83.0 (prod. B)
25 -Deoxy-5-ethyl-(3-4 ’-thiouridine 5 reacted to give two products,™ even in the 
absence of catalyst; however, the relative amounts of the starting material and 
products differed in the catalysed and non-catalysed reactions. This effect was 
studied more closely by carrying out a series of reactions at varying catalyst 
concentrations (see section 2.1.3),
vi See Note, page 79.
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2.1.3 XH-NM R analysis o f the effect o f catalyst concentration on 
the product distribution in the oxidation of 25-deoxy-5-ethyl-p-4’- 
thiouridine 5
The effect of catalyst concentration on the oxidation of 25-deoxy-5-ethyl-[3-45- 
thiouridine 5 was investigated by conducting five parallel reactions, four having 
varying amounts of the iron porphyrin catalyst present, as well as one control 
reaction carried out with compound 5 and hydrogen peroxide only. After 
allowing to stand for 22 hours, the solvent was removed in vacuo and the residue 
taken up in rf -^DMSO for analysis by ^-NMR. Figure 21 compares a spectrum of 
starting material 5 with a mixture of products from its oxidation in the presence of 
catalyst.
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Figure 21 ^-NMR spectra in i/rDMSO of 2’-deoxy-5-ethyl-p-4,-tliiouridine 5 (top) and the 
crude product mixture following oxidation of 5 by hydrogen peroxide in the presence of catalyst 
(bottom). Compound 5; 3.5 x 10‘5 mol; catalyst: 6.6 x 10‘7 mol; hydrogen peroxide: 4.4 x 1 O'5 
mol. Reaction volume: 10.2 cm3; reaction time 22 hours. Assignments for peaks in the spectrum 
of starting material 5 are given in Table 4.
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The NMR spectra indicate the formation of two products, whose proportions in 
relation to the starting material were calculated by integration of singlets at 7.79 
ppm (6-H in nucleoside 5), 7.35 ppm (product A) and 7.58 ppm (product B).vn 
Shown in Table 6 is the distribution of 2+deoxy-5-ethyl-p-4’-thiouridine 5 and 
products A and B after reaction in methanol/dichloro-methane (3:1) at varying 
concentrations of catalyst.
Table 6 Extent of reaction and distribution of products as a function of catalyst concentration in 
the oxidation of 2,-deoxy-5-ethyl-j3-4’-thiouridine 5 by hydrogen peroxide in 
methanol/dichloromethane (3:1). Compound 5 : 3.5 x 10'5 mol; oxidant: 4.4 x 10'5 mol; total 
solvent volume ; 10.2 cm3. Reaction time ; 22 hours.
Reaction Catalyst Starting 
material 
(7.79 ppm)
Product A 
(7.35 ppm)
Products 
(7.58 ppm)
mol %
0 0 71 11 18
1 9.4 x ICC8 72 7 21
2 2.8 x 10'7 22 6 72
3 4.7 x 10‘7 17 6 77
4 6.6 x IQ'7 18 5 77
vu See Note, page 79.
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The table shows that where there is no catalyst in the reaction or where the 
catalyst is present in very low concentration, ca. 30 % of the starting material 
reacts. Past a catalyst concentration of 2.7 x 10'5 M (0.8 % of substrate 
concentration), the reaction proceeds with consumption of ca. 80 % of 2 ’-deoxy-
5-ethyl-p-45-thiouridine 5; however, increasing catalyst concentration beyond this 
level does not result in greater yields of products. It does appear from this that the 
formation of B is greatly enhanced by the presence of catalyst, while A is 
probably formed non-catalytically.
2.1.4 Preparative scale reactions of nucleosides 1-5
Larger-scale reactions (typically 100-200 mg, ca. 3-6 x 10'4 mol) of nucleosides 1-
5 with hydrogen peroxide in the presence of catalyst resulted in full conversion of 
the nucleosides, the yield depending on slow addition (typically over a period of 
30-120 min) of an excess of the oxidant (TLC). However, the products were 
found exclusively in the aqueous phase after work-up, and could not be extracted 
either with ethyl acetate or chloroform. Following removal of water in vacuo, 
analysis of the products by mass spectrometry and !H- and 13C-NMR was 
inconclusive. However, in the case of 5-(prop-1 -ynyl)-1 -(5-O-pivaloyl-[3-D- 
arabinofuranosyl)uracil 2 , high resolution mass spectral data does provide 
evidence for oxidation on the propynyl side-chain (see section 2.1.5). 
Surprisingly, oxidation of 5 under these conditions did not yield an isolable 
product.
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2.1.5 Analysis by high resolution mass spectrometry and 13C- 
NM R of oxidation product o f 5-(prop-l-ynyl)-l“(5-0-pivaIoyl-P- 
D-arabino-furanosyl)uracil 2
The oxidation of nucleoside 2 in the presence of a catalytic amount of 
/e/ra/cA(pentafluorophenyl)porphine iron(HI) chloride under slow addition of a 4- 
fold excess of hydrogen peroxide resulted in full conversion of the starting 
material to one product (TLC).™1 After extraction into water and washing with 
dichloromethane, this product was analysed by high resolution mass spectrometry 
and shown to have a molecular weight of 386.13271, consistent with C16H22N2O9; 
this compares with a molecular formula of C17H22N2O7 for the starting material. 
The mass spectrum shows a peak at 217.10879 for the sugar residue of the 
starting nucleoside, but none for the base (expected at 149 Da), indicating that a 
functional group on the base moiety has reacted. The molecular formula of the 
product represents overall loss of one carbon and the gain of two oxygen atoms 
over the starting material; a proposed structure for this product is shown in 
Scheme 29.
Scheme 29 Proposed product of the oxidation of 5-(prop-1 -ynyl)- 1 ~(5-0-pivaloyl-P-D- 
arabinofuranosyl)uracii 2 by hydrogen peroxide, mediated by tetrakis(pentafluorophenyl)porphine 
iron(III) chloride. Nucleoside: 6,2 x 10'4 mol; catalyst: 1.6 x 1 O'5 mol; hydrogen peroxide: 3.6 x 
10'3 mol.
experiment described in section 2.1.2, where 1.0 eq. oxidant was added as a single aliquot).
OH
OH
Vllt The improved yield is due to slow addition of the oxidant over a period of time (cf. Tl-NMR
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2.2 Oxidation reactions of a selection of pyrimidines
A study of the reactions of pyrimidines 6-14 was carried out, whereby reactivity 
towards the hydrogen peroxide/iron porphyrin catalytic system was examined 
initially on a small scale (analysis by TLC), then products were isolated and 
identified where possible by conducting reactions on a larger scale.
2.2.1 Initial investigation into reactivity o f pyrimidines 6-14 by 
TLC
The ability of tetrakis(pentafluorophenyl)porphine iron(III) chloride to catalyse 
the oxidation of a selection of pyrimidines (6-14) was studied initially on a small 
scale in order to monitor reactions by TLC. Additionally, triazine 15 and indole 
16 were studied.
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2.2.1.1 Oxidation of pyrimidines 6-10
Pyrimidine reaction solutions (pyrimidines 6-10, in the range 6.1-10 x 10'3 M; 
catalyst, 9.6 x 104 M; hydrogen peroxide, 1.6 x 10'2 M) were monitored by TLC 
after one day (Figure 22, row A); then a further aliquot of hydrogen peroxide was 
added (to give a total 3.2 x 10'2 M) and the solutions allowed to stand for a further 
day before monitoring again by TLC (row B). Control reactions, where no 
catalyst was added, were also carried out.
10
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Figure 22 TLCs showing the extent of oxidation of pyrimidines 6-10 by hydrogen peroxide and 
tetrakis(yentafluorophenyl)porphine iron(III) cliloride in methanol / dichloromethane (3:1). Each 
TLC shows the pyrimidine (left), pyrimidine and peroxide (centre) and the pyrimidine with catalyst 
and oxidant (right). Eluent: CFfeCh/MeOH (5:1), except pyrimidine 7: diethyl ether/petroleum 
(1:1).
4-Amino-2-(l-piperazinyl)-5-(2,3,5-trichlorophenyl)pyrimidine 8 and 4-amino-2- 
(c/s-3,5-dimethyl-l~piperazinyl)-5-(2,3,5-trichlorophenyl)pyrimidine 9 showed no 
reaction under these conditions. 4-Amino-2-(4-phenyl-l-piperazinyl)-5-(2,3,5- 
trichlorophenyl)-pyrimidine 7, however, reacted fully on addition of further 
peroxide, although there was no reaction in the absence of catalyst. 2,4-Diamino-
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5-(2,3-dichlorophenyl)pyrimidine 6 was less reactive; the addition of extra 
hydrogen peroxide resulted in the formation of some product, but reaction was not 
complete under these conditions. Compound 10 also reacted fully, although it 
was noted that some reaction occurred when no catalyst was present.
2,2.1.2 Oxidation of pyrimidines 11-14
Attempted oxidation of 2,4-diamino-5-(2,3-dichlorophenyl)-6- 
fluoromethylpyiimidine 1 1  by hydrogen peroxide resulted in no reaction 
(determined by TLC; pyrimidine 11, 3.6 x 10'3 M; catalyst, 4.3 x 10'4 M; 
oxidant, slow addition to give 1.5 x 10‘2 M). 2,4-Diamino-5-(2,3-dichlorophenyl)-
6-methylpyrimidine 12 (3.2 x 10'3 M; catalyst, 6.6 x 10'4 M; oxidant, 4.4 x 10"3 
M in 5 aliquots over 4 hours) similarly showed no reactivity. However, 2,4- 
diamino-5-(2,3,5-trichlorophenyl)pyrimidine 13 gave a product in very low yield 
(TLC; 13, 8.0 x 10‘3 M; catalyst, 1.1 x 10"3 M; oxidant, 3.4 x 10”2 M over 30 
min). 2,4-Diamino-5-(2,3-dichlorophenyl)-6-hydroxymethylpyrimidine 14 (1.3 x 
10'3 M; catalyst, 1.3 x 10'4 M; oxidant, 1.3 x 10"3 M over 30 min) did not yield a 
product. Pyrimidines 11-14 were not investigated further.
A summary of the reactivity of pyrimidines 6-14 is given in Table 7.
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Table 7 Summary of reactivity of pyrimidines 6-14 towards hydrogen peroxide only, and towards 
hydrogen peroxide in the presence of fe?ra/ds(pentafluorophenyl)porphine iron(III) chloride. V 
Reacts partially or wholly. x No reaction evident.
Pyrimidine Oxidant only Oxidant and catalyst
6 X
7 X ✓
8 X X
9 X X
10
11 X X
12 X X
13 X •t/
14 X X
2.2.L3 Attempted oxidation of 3,5-diamino-6-(2?3-dichIorophenyl)-l,2,4- 
triazine 15
A number of attempts to oxidise compound 15 in the presence of catalyst were 
unsuccessful (Scheme 30).
H2° 2> (F20TPP)FeCl
MeOH, CH2C12
v No reaction
15
Scheme 30 Attempted oxidation of triazine 15.
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2.2.1.4 Oxidation of (±)5-(4-oxazolidinonyl)metliyl~2-(2~ 
dimethylamino)ethyl-indole 16
Compound 16 was partially oxidised when stirred with hydrogen peroxide and the 
iron porphyrin catalyst to yield a mixture of products (HPLC). The three principal 
products were analysed by mass spectrometry: a molecular mass of 288 was 
found for one product, two others each had molecular masses of 262 (c f  indole 
16, which shows an MH+ peak at 288).
2.2.2 Further investigation into the reactivity o f selected 
pyrimidine derivatives
Where experiments on a small scale had demonstrated the formation of products 
from the oxidation reactions of some pyrimidines, Le. in the cases of 6 and 10, 
these reactions were repeated on a larger scale ( 100-200 mg) in order to attempt 
to isolate and identify the products.
2.2.2.1 Oxidation of 2,4-diammo-5-(2,3-dichlorophenyI)pyrimidine 6
Stirring a solution of 6 in methanol at room temperature for 24 hours in the
presence of a 5-fold excess of hydrogen peroxide resulted in no reaction (TLC). 
However, in the presence of ferra/tw(pentafluorophenyl)porphine iron(III) 
chloride and slow addition of the oxidant, complete conversion of 6 was achieved 
to yield a species which could not be extracted from the aqueous phase with ethyl 
acetate or chloroform. Concentration of the aqueous phase in vacuo gave a
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colourless oil, which on analysis by mass spectrometry showed peaks at M+16 
and M+48. Analysis by 1H- and 13C-NMR was inconclusive.
2.2.2.2 Oxidation of 4-ammo-2-(4-methyl-l~piperazmyI)“5-(2,3,5- 
trichlorophenyl)pyrimidine 10
Reaction of 10 with hydrogen peroxide in the presence of catalyst yielded 4- 
amino-2-(4-formyl-l“piperazinyl)-5-(2,3,5“trichlorophenyl)pyrimidine 10a
(Scheme 31), which was isolated by column chromatography in low yield (13%). 
The product was identified on the basis of its microanalysis being appropriate to 
Ci5H14N5OCl3, its LRMS peaks at 385 (M+) and 356 (loss of -CH=0), and the 
presence of an >N-CH=0 peak at 1671 cm' 1 in the IR spectrum. The loss of the 
CH3 was clearly seen in the JH NMR and signal at 8.12 ppm is assigned to the - 
CH =0  proton; other NMR peaks are consistent with the structure 10a (see 
Experimental).
Scheme 31 Oxidation of compound 10 to formamide 10a.
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3 .  D i s c u s s io n
It has been demonstrated in this chapter that fe/ra£/Xpentafluorophenyl)porphine 
iron(III) chloride catalyses the oxidation by hydrogen peroxide of certain 
nucleosides and pyrimidines, depending on the functional groups present and the 
rate of addition of oxidant. However, a number of compounds have been shown 
to be completely inert under this system and even where some reaction has been 
observed, isolation and identification of the products has proved difficult.
3 .1  N u c le o s id e s  1 -5
The reactivity of nucleosides 1-5 as measured by TLC and NMR experiments 
(sections 2 .1 . 1  and 2 .1 .2 ) is consistent with the presence of particular functional 
groups in each compound. The most reactive, compound 5, has a thiol group on 
4’-C and its high reactivity suggests attack at this site. Furthermore, it is oxidised 
by hydrogen peroxide even in the absence of catalyst, although the catalyst has an 
effect on the yield and distribution of products. Compounds 2-4 are much less 
reactive; reactivity may be at the propynyl group on 5-C, since these nucleosides 
react only in the presence of the iron porphyrin (see below for discussion of 
evidence for this). However, nucleoside 1, possessing an ethynyl group on 5-C 
does not react with peroxide with or without catalyst. Compound 1 is a terminal 
alkyne, cf. compounds 2-4.
3.1.1 Products of reactions of nucleosides 2-4
Products here could not be isolated; only in the case of 2 is there MS evidence 
which suggests attack of the oxidising iron-oxo porphyrin on the non-terminal
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alkyne. This may initially be through epoxidation to form an oxirene as shown in 
Scheme 32; oxirenes have been postulated as genuine intermediates in various 
reactions, but are known to be very unstable, and have been isolated only at very 
low temperatures.32
Scheme 32 Proposed initial epoxidation of nucleoside 2 to form an oxirene (highly unstable 
intermediate).
Further oxidative demethylation is required, but the mechanism beyond formation 
of the oxirene is unclear.
3.1.2 Product of oxidation of nucleoside 5
The reactivity of nucleoside 5 can be explained by the presence of a thiol group 
on the sugar residue of the molecule. Thiols form disulfides on oxidation with 
hydrogen peroxide,53 and can be further oxidised to sulfoxides, sulfones and 
sulfonic acids.54 This may explain the difficulty experienced in trying to isolate 
the oxidation products from aqueous media.
OH OH
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3 .2  P y r im id in e s  6 -1 4
Results here show evidence, perhaps, for N-O fonnation in 6, and clearly for N- 
demethyiation in 10. Both are reactions known to occur in vivo. In the case of 6, 
there are no obvious structural features which might suggest a reason for the 
reactivity (compare with 7-14). However, it might be worth considering this 
catalyst/oxidant system to generate products from TV-methylated compounds.
4 . E x p e r im e n t a l
4.1  I r o n  p o r p h y r in  m e d ia te d  o x id a t io n  o f  n u c le o s id e s  1 -5
4.1.1 Investigation of reactivity of nucleosides 1-5 by TLC
Reactions of all five nucleosides were each carried out in parallel with two
control reactions. In the case of the first control reaction, neither catalyst nor 
oxidant was added; the second control reaction was carried out in the presence of 
oxidant, but with no catalyst. Three samples of each nucleoside (ca. 4 mg, 1.0-1.6 
x 10"5 mol) were accurately weighed into 2 cm3 sample bottles and dissolved in 
methanol/dichloromethane (3:1,1.0  cm3), providing one reaction solution and two 
controls. A solution of the iron porphyrin catalyst (5.2 mg, 4.9 x 10'6 mol) in 
dichloromethane (550 mm3) was prepared. Measured portions (100 mm3, 8.9 x 
10'7 mol) of this solution were injected into each reaction solution. Hydrogen 
peroxide (60 % w/v, 1 mm3, 1.7 x 10'5 mol) was subsequently injected into each 
reaction solution and the second of each of the controls. The solutions were left 
to stand for three days. The reaction solutions were then compared by TLC with 
each of the control reactions (eluent: ethyl acetate). A second stock solution of 
the catalyst (6.4 mg, 6.0 x 10*6 mol) in dichloromethane (550 mm3) was prepared; 
aliquots (100  mm3, 1 . 1  x 10 '6 mol) of this solution were injected into each
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reaction mixture, followed by a further 1 mm3 hydrogen peroxide. Hydrogen 
peroxide was also added to the respective controls. After standing for two hours, 
the reactions and controls were again compared by TLC.
4.1.2 Investigation of reactivity of nucleosides 2-5 by NMR
The oxidation of nucleosides 2-5 was monitored by !H-NMR as follows. The
substrate (15.1-18.7 mg, 5.7-6.6 x 10"5 mol) was weighed into a 50 cm3 round- 
bottomed flask and dissolved in methanol/dichloromethane (3:1, 8.0 cm ). The 
catalyst (0.4-1.7 mg, 0.4-1.6 x 10'6 mol) was weighed into a 2 cm3 sample bottle 
and transferred to the reaction flask with 2 x 1 cm of the same solvent. Hydrogen 
peroxide (60% w/v, > 1.0 eq.) was injected in a single addition using a 25 mm3 
syringe. The reaction was allowed to stir for 80 min. Control experiments 
omitting either oxidant or catalyst were carried out at the same time under very 
similar conditions. After the given time, the solvent in each reaction and control 
was removed in vacuo, and the residue taken up in <4-DMSO and analysed within 
several hours.
4.1.3 Study of the oxidation of nucleoside 5 at varying catalyst 
concentrations
Five reactions were carried out in parallel, each containing the same amount of 
substrate and oxidant, but varying quantities of catalyst. A stock solution of the 
substrate (50.6 mg) in methanol/dichloromethane (3:1, 50.0 cm3) was prepared. 
An aliquot (9.5 cm3, 3.5 x 10'5 mol) of this solution was pipetted into each 
reaction flask. A stock solution of the catalyst (2.0 mg) in the same solvent (2.0 
cm3) was prepared. Of this solution, 0.1, 0.3, 0.5 and 0.7 cm3 were pipetted into
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four of the reaction flasks. Methanol/dichloromethane (3:1) was added to bring 
the total volume of solvent in each flask to 10.2 cm3. Hydrogen peroxide (2.5 
mm3, 60% w/v, 4.4 x 10"5 mol) was added to each flask, the flasks were stoppered 
and shaken, then left to stand. After 22 hours, the solvent was removed under 
reduced pressure and the residue taken up in rt -^DMSO for analysis by !H-NMR. 
Distinct singlet peaks at 7.79, 7.58 and 7.35 ppm representing the starting 
material and two products were integrated and their relative intensities calculated.
4.1.4 Preparative-scale reactions of nucleosides 2-5
4.1.4.1 Attempted oxidation of 2,3-dideoxy~5-ethynyl-3*-fluorouridine 1
Compound 1 (11.6 mg, 4.6 x 10'5 mol) was dissolved in methanol (5 cm3) in a 25
cm3 round-bottomed flask. ft?ri*a£«(Pentafluorophenyl)porphine iron(III) chloride 
(3.9 mg, 3.7 x 1 O'6 mol) was weighed into a 2 cm3 sample bottle and transferred to 
the reaction flask with dichloromethane ( 3 x 1  cm3). Hydrogen peroxide (30% 
w/v, 6 mm , 5.3 x 10* mol) was added in 1.0 mm aliquots over a period of 50 
min using a 25 mm3 syringe. TLC (ethyl acetate) showed no reaction. Further 
hydrogen peroxide ( 2 x 5  mm3 aliquots, 8.8 x 10 '5 mol) was added, but no 
reaction was evident by TLC after 10 min.
4.1.4.2 Oxidation of 5-(pr op-1 ynyi) 1 -(S O-pivaloy 1- (3-D- 
arabinofuranosyl)uracil 2
Compound 2 (227 mg, 0.62 mmol) was dissolved in methanol (30 cm3) in a 100 
cm3 round-bottomed flask. /e/ra/cA(Pentafluorophenyl)porphine iron(III) chloride 
(16.5 mg, 1.6 x 10'5 mol) was weighed into a 2 cm3 sample bottle and transferred 
to the reaction flask with dichloromethane ( 3 x 1  cm3). A dropping funnel was
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charged with a solution of hydrogen peroxide (30% w/v, 0.3 cm3, ca. 3.6 mmol) 
in methanol (30 cm3); this solution was added to the reaction flask at a steady 
rate over a period of 90 min. Further catalyst (6.8 mg, 6.4 x 10'6 mol) was added 
with dichloromethane ( 3 x 1  cm3) followed by direct injection via syringe of 
hydrogen peroxide (5 aliquots of 5 mm3, 2.2 x 104 mol) to give total conversion 
of the starting material (TLC). Water and dichloromethane were added to the 
reaction solution, and the aqueous layer washed with two further portions 
dichloromethane before removal of water in vacuo to yield a pale yellow oil, one 
spot on TLC (ethyl acetate). 5H(360 MHz, ^-DMSO) 1.18 (9H, br), 3.70 (3H, br), 
3.95 (1H, br), 4.03 (2H, br), 4.24 (2H, br), 5.61 (1H, br), 5.72 (1H, br), 6.05 (1H, 
br), 8.26 (1H, br), 11.5 (1H, br); 5C(90 MHz, DMSO) 26.76 (tert-Bu CH3), 
38.22 (fert-Bu quatemaiy), 51.42 (CH or CH3), 62.51 (CH2), 74.55, 76.40, 82.72, 
86.55, 102.88 (q), 148.48 (CH), 149.40, 159.02, 162.85, 177.22 (4 x >C=0); 
HRMS 386.13271 (C16H22N20 9), 371.14244 (Ci6H23N20 8), 217.10879 (C10H 17O5, 
sugar moiety), 185.05611 (C7H9N20 4), 171.04127 (C6H7N20 4), 155.04683 
(C6H7N20 3).
4.1.4.3 Oxidation of 2,-deoxy-5-(prop-l-ynyl)uridine 3; 5~(prop-l-ynyl)-l-(j3- 
D-arabinofuranosyl)uracil 4; and 2’-deoxy-5-ethyl-p-4’~thiouridine 5
A similar procedure to that described for the preparative oxidation of 2 was 
followed for nucleosides 3 and 4. Compound 3,137 mg, 5.2 x 104 mol; catalyst, 
17 mg, 1.6 x 10'5 mol; hydrogen peroxide, 30% w/v, 340 mm3, 3.0 x 10"3 mol to 
give product: one spot on TLC. Compound 4, 102 mg, 3.6 x 104  mol; catalyst,
8.1 mg, 7.6 x 10'6 mol; hydrogen peroxide directly via syringe in 5 mm3 aliquots,
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30% w/v, 200 mm3, 1.8 x 10"3 mol to yield two products (TLC). Compound 5 was 
treated in a similar manner. In no case could an identifiable product be isolated.
4 .2  O x id a t io n  o f  p y r im id in e s  6 -1 4
4.2.1 Preparation of free 4-amiiio-2-(l-piperaziiiyi)-5-(2,3,5- 
trichloropheiiyl)pyrimidine 8 and 4-amino-2-(ds-3,5-dimethyl-l- 
piperaziiiyl)-5-(2,3,5-trichIorophenyI)pyrimidiiie 9 from their 
mesylate salts
(2.3 mesylate monohydrate and 1.5 mesylate 0.5 hydrate respectively)
The pyrimidine salt (50 mg) was dissolved in water (6 cm3). Sodium hydrogen 
carbonate (a saturated solution) was added dropwise, causing precipitation of the 
free pyrimidine, which was subsequently extracted with ethyl acetate (3 x 2  cm3). 
The combined organic layers were dried over magnesium sulphate and filtered. 
On removing the solvent, the pyrimidine was found to be an oil. lH-NMR of this 
oil (CDCI3) was consistent with the free pyrimidine. Compound 8, 8H(CDC13) 
1.88 (br, NH), 2.93 (4H, t, CH2), 3.79 (4H, t, CH2), 4.58 (br, NH2), 7.22 (1H, d, J  
2.3, Ar-H), 7,50 ( 1H, d, J2.4, Ar-H), 7.82 (1H, s, 6-H). Compound 9, SH(CDC13) 
1.14 (6H, d, J  6.3, 2 x CH3), 1.73 (br, NH), 2.43 (2H, t, J  11.0). In each case, 
recrystallisation from hexane yielded the pyrimidine as a solid.
4.2.2 Investigation of reactivity of pyrimidines 6-10 by TLC
A sample of each pyrimidine (ca. 3 mg, 0.7-1.0 x 10‘5 mol) was accurately
weighed into a 2 cm3 sample bottle and dissolved in methanol/dichloromethane 
(3:1, 1.0 cm3). A solution of the iron porphyrin catalyst (6.2 mg, 5.8 x 10'6 mol) 
in dichloromethane (550 mm3) was prepared. An aliquot of this solution (100
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mm3, 1 . 1  x 10 '6 mol) was injected into each substrate solution, followed by 
hydrogen peroxide (60% w/v, 1 mm3, 1.7 x 10“5 mol). The solutions were left to 
stand for 24 horns. At the same time, two control reactions were carried out for 
each pyrimidine; one with hydrogen peroxide, but no catalyst, another with 
neither catalyst nor peroxide. These were then compared by TLC with the 
catalysed reaction [solvent: dichloromethane/methanol (5:1) for pyrimidines 6 and 
8-10, diethyl ether/petroleum (1:1) for compound 7}. A further 1 mm3 H20 2 was 
added to each reaction mixture and the relevant controls. The solutions were 
again analysed by TLC after standing for 2 days.
4.2.3 Preparative-scale oxidation of 2,4-diamino-5-(2,3~ 
dichlorophenyl)pyrimidine 6
Compound 6 (99 mg, 3.9 x lO-4 mol) was weighed into a 150 cm3 round-bottomed 
flask and dissolved in methanol/dichloromethane (3:1, 40 cm3), while the iron 
porphyrin catalyst was weighed into a sample bottle and transferred to the 
reaction flask with dichloromethane ( 3 x 1  cm3). A solution of hydrogen peroxide 
(30% w/v, 50 mm3, 4.4 x 10"4 mol) in methanol (10 cm3) was added from a 
dropping funnel over 60 min. This was repeated twice, after which further 
oxidant (60 mm3, 5.3 x 10'4 mol) was added directly via syringe in 10mm3 
aliquots in order to force the reaction to completion (total oxidant added: 2 10  
mm3, 1.8 x 10‘3 mol, plus 30 cm3 methanol). Water and dichloromethane were 
added to the reaction mixture, and the aqueous layer washed with further portions 
of dichloromethane. The aqueous layer was then reduced in vacuo for analysis by 
mass spectrometry, m/z 303,271.
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4.2.4 Oxidation of 4-amino-2-(4-methykl~piperazinyI)-5-(2,3,5- 
trichIorophenyi)pyrimidine 10
Compound 10 (230 mg, 0.62 mmol) was weighed into a 25 cm3 round-bottomed 
flask and dissolved in methanol / dichloromethane (3:1, 12 cm3). (F2oTPP)FeCl 
(22.4 mg, 2.8 pmol) was weighed into a 2 cm3 sample bottle and transferred to the 
reaction flask with 3 x 1  cm3 of the same solvent. While stirring, hydrogen 
peroxide (60% w/v, 180 mm3, 3.2 mmol) was added initially in 2.5 mm3 aliquots,
3 3 -then in 10 mm aliquots, over a period of 4 hours, using a 25 mm syringe. Water 
(40 cm3) was added, and the crude product extracted into ethyl acetate (3 x 40 
cm3). The combined organic layers were dried over magnesium sulphate, and the 
solvent removed under reduced pressure. Column chromatography of the residue 
with ethyl acetate yielded 4-aminO"2-(4“formyl-l-piperazinyl)-5-(2,3,5- 
trichlorophenyl)pyiimidine 10a (30 mg, 13%) mp 100-103°C (TLC showed 
impurity, see microanalysis); (Found C, 45.95; H, 3.85; N, 15.7. CisF^NsOCla 
requires C, 46.6; H, 3.65; N, 18.1); v,OTX(KBr)/cm'' 3332 (NH2), 2922, 2856, 
1671 (>N-CHO), 1595, 1539, 1501, 1438; 8H(300 MHz, <4-acetone) 3.46-3.53 
(4H, m, C Hi),3.76-3.80 (2H, m, CH2), 3.83-3.87 (2H, m, 5.95 (2H, br,
N/72), 7.39 (1H, d, J  2.5, 6'-H), 7.66 (1H, d, 2.5, 3'-H), 7.79 (1H, s, 6-H), 8.12 
(1H, s, >N-CffO); 8C(75 MHz, CDCI3) 40.07, 43.22, 44.35, 45.57, 106.09, 
129.95, 130.32, 133.05, 134.70, 137.30, 156.68, 159.45, 160.16, 160.97, 161.14; 
m/z 385 (M+), 356 (-CHO).
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4.2.5 Attempted oxidation of 2,4-diamino-5-(2,3~dichlorophenyl)- 
6-fluoromethylpyriinidine 11
Compound 11 (37 mg, 1.3 x 1CT4 mol) was dissolved in dichloromethane (20 cm3) 
in a 100 cm3 round-bottomed flask. Catalyst (5.4 mg, 5.1 x 10'6 mol) was 
transferred to the reaction flask with dichloromethane ( 3 x 1  cm3). A solution of 
hydrogen peroxide (30% w/v, 60 mm3, 5.3 x lO”4 mol) in methanol (10 cm3) was 
added dropwise from a dropping funnel. On addition of only a small portion of 
oxidant, the colour of the reaction solution (orange-brown rather than olive-green) 
indicated that the catalyst had been bleached; further catalyst ( 1 1  mg, 1.0  x 10"5 
mol) was added with dichloromethane ( 3 x 1  cm3). Slow addition of the oxidant 
was continued, and the reaction solution subsequently allowed to stir for 16 hours. 
TLC (ethyl acetate) showed no evidence of reaction.
4.2.6 Attempted oxidation of pyrimidines 12,13 and 14
Oxidation of these compounds by hydrogen peroxide and
fe/raHs(pentafluorophenyl)-porphine iron(III) chloride was attempted using a 
procedure similar to that described above (section 4.2.5). Pyrimidine 12, 5.1 mg 
(1.9 x 10"5 mol); catalyst, 4.2 mg (3.9 x 10'6 mol); hydrogen peroxide (30% w/v), 
3 mm3 (2.6 x 10'5 mol); pyrimidine 13, 51 mg (1.8 x 10*4 mol); catalyst, 4.7 mg 
(4.4 x 10~6 mol); hydrogen peroxide, 22 nun3 (1.9 x 10'4 mol); pyrimidine 14, 5.1 
mg (1.8 x 10"5 mol); catalyst 1.9 mg (1.8 x 10'6 mol); hydrogen peroxide, 2 mm3 
( 1.8  x 10"5 mol).
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4.2.7 Attempted oxidation of 3,5-diamino-6-(2,3-dichlorophenyl)- 
1,2,4-triazine 15
Compound 15 (2.6 mg, 10 pmol) was dissolved in methanol/dichloromethane (1 
cm3, 3:1) in a 2 cm3 sample bottle. (F2oTPP)FeCl (13.7 mM in dichloromethane, 
20 mm3, 27 pmol) was added using a 25 mm3 syringe, followed by hydrogen 
peroxide (32 mM in methanol, 60 mm3, 1.9 mmol). TLC after 10 min 
(dichloromethane/methanol, 4:1) showed no reaction of the starting material. A 
further 160 mm3 hydrogen peroxide were added, and the reaction solution 
allowed to stand for 20 hours. TLC showed no reaction.
4.2.8 Oxidation of (±)5-(4-oxazoIidinonyl)methyl-2-(2~ 
dimethy!amino)ethylindoIe 16
Compound 16 (48 mg, 1.7 x 10'4 mol) was weighed into a 100 ml round-bottomed 
flask and dissolved in methanol (10 cm3). /e/ra£w(Pentafluorophenyl)porphine 
iron(III) chloride was weighed into a sample bottle and transferred to the reaction 
flask with dichloromethane ( 3 x 1  cm3). A dropping funnel was charged with a 
solution of hydrogen peroxide (30% w/v, 21 mm3, 1.8 x 10'4 mol) in methanol (10 
cm3); this was added to the reaction solution dropwise with stirring over a period 
of 30 min. Analysis by HPLC (Zorbax ODS, 4.6 x 250 mm, acetonitrile/water 
(10:90—>100:0 over 20 min, then 100:0 for 10 min), 1 ml/min, UV detection at 
254 mn) showed three products at 9.02, 10.32 and 11.70 min (starting material at 
24.78 min), which were collected in sample bottles and analysed by mass 
spectrometry (see Results section).
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K in e t i c  s t u d y  o f  t h e  i r o n  p o r p h y r in - c a t a ly s e d  
o x id a t io n  o f  h y d r o x y n a p h t h o q u i n o n e s  b y  h y d r o g e n  
p e r o x id e
1 . I n t r o d u c t io n
1.1 A im s  o f  th e  s tu d y
Results presented in chapters 2 and 3 showed that the rate of addition of hydrogen 
peroxide to a mixture o f the catalyst te/ra/ds(pentafluorophenyl)porphine iron(III) 
chloride 2 and substrate (e.g. 2-cycloheptyl-3-hydroxynaphtho-1 ,4-quinone lc  or 
2“(4-terAbutylcyclohexyl)methyl-3-hydroxynaphtho-l,4-quinone le) was crucial 
in terms of the product yield and the turnover of the catalyst. It is clear, for the 
hydroxynaphthoquinones, if  not for the nucleosides and pyrimidines, that the 
catalyst tefra/tt's(pentafluorophenyl)porphine iron(III) chloride 2 is an efficient 
and relatively stable one.
More generally, te/ra/ds(pentafluorophenyl)porphine iron(HI) chloride 2 is a 
readily-available and efficient catalyst for the oxidation of organic substrates.55 It 
is soluble in organic solvents and apparently robust and is, therefore, one of the 
most popular catalysts for use as a cytochrome P-450 mimic for oxidation
"zf c/T r n
(electron removal), oxygenation, ’ hydroxylation, cyclopropanylation and
radical formation.60 A variety of oxidants are compatible, including
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iodosylbenzenes,559,56,570,576,60,61 dioxygen,559,58,62 hydrogen peroxide,55a,56,57a,57b 
hydroperoxides559,56,378 and peracids.559,56,579,63 Most mechanistic studies have 
concentrated on the use of the iodosylbenzene,56,579,61,64 hydroperoxide56,579,64 and 
peracid oxidants.56,579,64 Despite qualitative indications of some stability for 2 in 
the presence of the clean but vigorous oxidant hydrogen peroxide,56,579,65 only 
limited kinetic and mechanistic studies have been reported concerning the 
catalysis by 2 involving, and the stability of 1  towards, this oxidant.56,579
In this chapter, a study of the kinetics and mechanism of the 
te/ra£/Xpentafluorophenyi)porphine iron(ffi) chloride reaction is presented, both 
in the absence and in the presence of hydroxynaphthoquinone substrates.
The kinetic experiments described in this chapter were designed to:
• quantify the stability of catalyst 2 in the presence of the oxidant.
• determine the rates at which hydroxynaphthoquinones lc  and le  were 
oxidised by the metalloporphyrin/peroxide system.
® elucidate oxidation and decomposition mechanisms of 2 using the 
common and clean oxidant, hydrogen peroxide.
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O
2
2 . R e s u l t s
2 .1  R e a c t io n  o f  te lm A r /$ (p e n ta fh io ro p h e n y l) p o rp h in e  
i r o n ( I I I )  c h lo r id e  w i t h  h y d r o g e n  p e ro x id e  in  m e th a n o l
A solution of fe?ra/«.s(pentafluorophenyl)porphine iron(III) chloride 2 (4.4 x 10'6 
mol dm'3) in methanol showed a Zmax at 404 mn [Abs = 0.511, to give S404(MeOH) 
= 116 000 dm3 mol' 1 cm'1]. Preliminary experiments demonstrated that addition 
of hydrogen peroxide to this solution (to give [H2Q2] = 4.3 x 10 '3 mol dm'3)
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caused a shift in Xmax to 408 nm over ca. 1 min, followed by decay of this new 
peak over ca. 3 hours. Monitoring at 408 nm, therefore, showed an initial 
increase in absorbance, followed by a decrease, as illustrated in Figure 23. The 
decrease in absorbance continued until the catalyst had been completely 
consumed (a bleached, flat spectami in the region 408 nm is obtained [s(prod.)408
Figure 23 Plot of absorbance v. time at k  — 408 nm on addition of hydrogen peroxide to a solution 
o f the catalyst. [2]0 ~ 4.1 x 10‘6 mol dm'3; [H2O2]0 -  4.7 x  10'3 mol dm'3; solvent: methanol; 
T=25°C. Inset above Expansion to show the early part o f the reaction.
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2.1.1 Determination of rate constant for the formation of species 
A at 408 nm
The reaction of the iron porphyrin catalyst with hydrogen peroxide to form the 
compound of A,niax = 408 nm, here called species A, was studied by monitoring the 
initial increase in absorbance at 408 mn (Figure 23), immediately after addition of 
hydrogen peroxide to the catalyst solution. As the formation of A involves only a 
small and very rapid shift in A,max from 404 nm to 408 nm, the changes in 
absorbance at 408 nm were very small, and were in fact close to the limit of 
determination of the instrument (total absorbance changes during the reactions 
varied from 0.0163 to as little as 0.0061, the instrument measuring absorbance to 
four decimal places). However, the changes were sufficient to allow a rough 
estimate of observed rate constants; these are plotted in Figure 24. Values of /tobs 
were measured by a first order method (assuming pseudo first order conversion of 
catalyst to A) under conditions (low [H20 2]) where the initial formation of species 
A was mostly complete prior to the slower decomposition of A. A typical plot of 
Abs vs. t is shown in Figure 33 (Experimental section), and values of kohs at 
various concentrations of H20 2 are gathered in Table 8 (see Experimental for 
explanation of the range of kohs values).
Table 8 Values of kQt,s observed at varying concentrations o f hydrogen peroxide
Experiment no. 104 x [H20 2] (mol dm'3) hobs (s'1)
1 3.45 0.0140 (0.0127-0.0157)
2 2.59 0.0126 (0.0104-0.0157)
3 1.73 0.0108 (0.0075-0.0141)
4 0.864 0.0072 (0.0060 - 0.0087)
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The data in Table 8 are plotted in Figure 24 to give a slope which corresponds to a 
second-order rate constant k2 -  26 ± 6 s' 1 dm3 mol"1; given the scatter and poor 
fit, this should be considered an order of magnitude figure. 1
10s x [H 2O 2] (mol dm'3)
Figure 24 Plot o f /fobs values against [H20 2] for the reaction of (F20TPP)FeCl with hydrogen 
peroxide in methanol at 25°C; [cat.]: 4.2 x 10'6 mol dm"3 ; monitored at 408 nm. /c2=26 (± 6) s"1 
dm3 mol*1,
2.1.2 Determination of rate constant for the destruction 
(bleaching) of species A
The rate of loss of the 408 mn species A in the presence of excess hydrogen 
peroxide was determined quantitatively in methanol at 25°C; full details are 
given in the Experimental section.
 ^ The standard deviation of the slope is relatively small, but given the ca. 25% deviation in the 
individual kohs values, an uncertainty of the same magnitude is quoted here.
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The rate of decrease in absorbance at 408 nm was monitored at varying 
concentrations of hydrogen peroxide and catalyst. To establish that the rate of 
reaction was first-order in hydrogen peroxide, the initial rates (oi = cUfo/dto), 
after A had formed, were measured over the first 5% of the reaction, where the 
decrease in absorbance with time is almost linear (Table 9). When plotted against 
oxidant concentration, the initial rates show linear first order dependence on 
hydrogen peroxide concentration (Figure 25).
Table 9 Values of d/4Zw/dt at X ~  408 nm for the H20 2~oxidation o f (F20TPP)FeCl in methanol at 
25°C. Values are means of at least two determinations.
Expt. no. 10 3 x[H 2O2]0 
mol dm'3
10 6 x [Catalyst]o 
mol dm"3
10s x ilAbs!i\t 
s'1
1 2 .1 4.1 . 7 (± 1 )
2 2.3 4.1 8.6 (± 0.3)
3 4.2 4.1 15 (±1)
4 4.7 4.1 17.6 (± 0.5)
5 8.2 4.0 28 (± 1 )
6 9.3 4.0 33 (± 2)
7 13.0 4.0 41 (± 2)
8 14.1 4.0 59 (± 3)
9 17.0 4.0 59 (± 4)
10 18.5 4.0 70 (± 8)
1 1 4.2 1.7 6.14 (±0)
12 4.2 2.5 9.15 (±0.04)
13 4.2 3.3 11.4 (±0.6)
14 4.2 4.1 14.6 (± 0.9)
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103 x [Hj0 2] (mol dm3)
Figure 25 Plot o f initial reaction rates against hydrogen peroxide concentration for the 
decomposition o f fe/ra^5(pentafluorophenyl)porphine iron(III) chloride-derived species A in 
methanol at 25°C, demonstrating first order dependence of reaction rate on oxidant concentration. 
Error bars show spread o f measured values. k% =0.080 dm3 mol'1 s'1 (calculation of k2, see text)
Similarly, the initial decomposition rates were measured at varying catalyst 
concentrations. These also showed first order dependence of the reaction rate on 
catalyst concentration (i.e. the concentration of
/e/ra/cw(pentafluorophenyl)porphine iron(III) chloride initially added prior to 
conversion to A), demonstrating that the overall reaction is second order; a plot 
of initial reaction rates against catalyst concentration is shown in Figure 26.
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106 x [Catalyst]a (mol dm"5)
Figure 26 Plot o f initial rates of catalyst decomposition in the presence of hydrogen peroxide (4.2 
x 10'3 mol dm'3) against catalyst concentration in methanol at 25°C. lc2 =0.071 dm3 mol*1 s'1 (see 
text for calculation of Ic2).
It is clear from the plots that cUfo/dto for this reaction (loss of the compound A 
absorbing at 408 mn) is linear in [H2O2]0 and in [catalyst]o- It also reasonable to 
assume that the compound A absorbing at 408 nm is rapidly formed from 2 and 
stoichiometrically equivalent to 2 , so that the observed form of the rate equation 
is given by (1), where A is the species formed at 408 mn.
cW&s'/dt cc [H20 2].[A] (1)
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The equation (1) can be re-written as (2) in which k2 is the second-order rate 
constant for decomposition of A and Abs0 is the decaying absorbance value 
interpolated back to t = O.9
-dAbs/dt = {(Abso -AbsJ/[2]0},k2\ [H20 2].[A] (2)
The value of (Abs’0 - rffooo)/[2]0 can be calculated as 120 000 ± 10 000. This 
gives a value for k2 o f 0.080 (± 0.010) s' 1 dm3 mol"1 from the slope of Figure 25 
and of 0.071 (± 0.010) s' 1 dm3 mol"1 from Figure 26 (assuming [A]0 »  [2]0).
Having established that the reaction is first order in hydrogen peroxide, the rate 
constant for the reaction was determined more accurately by following the 
reactions to completion to give infinity values, and calculating individual rate 
constants by a first-order method over 1.5 to 3 half-lives. A plot of /tobs against 
oxidant concentration is shown in Figure 27; a second-order rate constant (k2) of 
0.083 (± 0.004) mol"1 dm3 s"1 was calculated for this reaction by this method.
*p The derivations of kinetic equations are as shown in the Appendix to Chapter 4.
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103 X IHjOj] (mol dm 3)
Figure 27 Plot of rates (observed over 1.5 to 3 half-lives) against oxidant concentration for the 
pseudo first order destruction of A in methanol at 25°C in the presence of hydrogen peroxide. [2]0 
= 4.1 x lO-6 mol dm'3.
The rate constant values for the consumption of A by hydrogen peroxide as 
calculated by the initial rates method, and by the first order method are 
summarised in Table 10.
Table 10 Summary of values calculated for the rate constant for the consumption of A by 
hydrogen peroxide.
Method Second-order rate constant k2' 
(dm3 mol'1 s'1)
Initial rates (varying peroxide conc.) 0.080
Initial rates (varying catalyst conc.) 0.071
Varying peroxide concentration 
(observed over 1.5 to 3 half-lives)
0.083
Mean value 0.078 (±0.006)
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To summarise, the reaction that takes place between hydrogen peroxide and the 
iron porphyrin catalyst is shown in Scheme 33:
Hydrogen peroxide
Catalyst  ► a    ->  Bleached catalyst
k2 -  ca. 26 dm3 mol*1 s“1 = °-083 dm3 moi' 1 S"1
Scheme 33 Rate constants for the reaction of catalyst 2 with hydrogen peroxide.
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2 .2  I r o n  p o r p h y r in - c a ta ly s e d  o x id a t io n  o f  
h y d r o x y n a p h th o q u in o n e s  b y  h y d r o g e n  p e r o x id e
2.2,1 Preliminary monitoring of reaction
Figure 28 Series of scans showing consumption of lc  (283 mn) and catalyst (408 nm) with time.
Preliminary experiments, where the ratios of substrate, oxidant and catalyst were 
comparable to those in preparative-scale reactions (chapter 2), showed that the 
consumption of either hydroxynaphthoquinone was easily monitored at 283 nm; 
this had the advantage of allowing observation of any concomitant bleaching of 
species A at 408 nm. Unlike the situation with no substrate present, the catalyst is 
not completely destroyed during the reaction, although Figure 28 shows that there 
is indeed some loss of catalyst during the course of the reaction under the 
conditions shown.
2.2.2 Quantitative kinetic studies
3-Cycloheptyl-2-hydroxynaphtho-l,4-quinone lc  and 2-(4-tot-butylcyclohexyl)- 
methyl-3-hydroxynaphtho-l,4-quinone le  were oxidised by hydrogen peroxide in
W avelength/nm
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methanol-dichloromethane (3:1) in UV cuvettes at 25°C with 
te/ra£j's(pentafluorO“phenyl)porphine iron(IH) chloride as catalyst; the 
concentrations of substrate, catalyst and oxidant were varied in turn, but typical 
concentrations were: substrate, 1.32 x 10'4 mol dm"3; catalyst, 5.5 x 10"6 mol 
dm'3; oxidant, 6.25 x 10"4 mol dm"3.
1  3
lc: R=cycloheptyl
le: R=(4-fe/*-butylcyclohexyl)niethyl 
Scheme 34 Epoxidation o f hydroxynaphthoquinones 1 by hydrogen peroxide, catalysed by 2.
To begin with, the cycloheptyl compound lc  was studied. The consumption of 
substrate was monitored at 283 mn at 60 or 90 s intervals; the results of a set of 
runs for the oxidation of 2-cycloheptyl-3-hydroxynaphtho-1,4-quinone lc  at 
various concentrations of hydrogen peroxide are shown in Figure 29.
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Figure 29 Plot of absorbance at 283 nm against time for the catalytic oxidation of 2-cycloheptyl-3- 
hydroxynaphtho-l,4-quinone lc at varying concentrations of H20 2. lc, 1.32 x 10'4 mol dm*3; 
(F20TPP)FeCl, 5.5 x 10*6 mol dm'3.
However, the absorbance changes for this substrate, although of the same order of 
magnitude as for 2-(4-ter/-butylcyclohexyl)-methyl-3-hydroxynaphtho-l,4- 
quinone (see below), were less precise and appeared to show an initial slower rate 
of change of absorbance giving sigmoidal curves in many cases. These were not, 
therefore, analysed in detail.
2.2.3 Oxidation of 3-(4-te/T-butylcyclohexyI)-methyl-2- 
hydroxynaphtho-l,4-quinone le
Cleaner results were obtained with the oxidation of 2-(trans-4-tert- 
butylcyclohexyl)methyl-3-hydroxynaphtho-l,4-quinone (le). Evidence has 
already been presented to show that this substrate is efficiently oxidised 
(epoxidised) by this catalyst and oxidant, and a UV-vis repscan showed loss of the 
hydroxynaphthoquinone peak at 283 nm (due presumably to the loss of the
121
Chapter 4 - Kinetic study o f the oxidation o f two hydroxynaphthoquinones
chromophore on epoxidation) in excess H20 2 in methanol-dichloromethane 3 : 1 .  
A plot of absorbance vs. time at 283 nm is shown in Figure 30 and similar plots 
were obtained for the same reaction at the various concentrations of catalyst, 
H20 2 and le  as shown in Table 11.
Figure 30 Plot o f Abs vs. t for catalysed H20 2 oxidation of le. [le] = 130 x 10'6M; [H20 2] = 615 
x 10‘6M; [Catalyst] = 5.4 x 1 0 ‘6M.
A cursory glance at Figure 30 shows that the decrease in absorbance does not fit 
cleanly a simple first- or second-order kinetic pattern. Therefore the method of 
‘initial-rate’ was used66 and analysis of the data by this method gives linear plots.1 
The data, values of d4&s/dt0, at vaiying initial concentrations of the reaction
 ^ Data were taken within the first 5-15% of the reaction. Strictly speaking, the initial-rate method 
should use only up to ca. 5%, but the plots were linear up to > 50% of reaction.
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components, H20 2, catalyst and substrate (le) are collected in Table 11 and 
plotted in Figure 31 (cUAs/dt vs. [catalyst]o) and Figure 32 (cUAs/dt vs. [H2O2]0).
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Table 11 Values cU&s/dto at X -  283 nm for the (F20TPP)FeCl-catalysed H20 2-oxidation o f 2- 
(//w/s-4-fc/Y-butylcyclohexyl)methyl-3 -hydroxynaphtho-1,4-quinone (le) in 3:1 methanol- 
dichloromethane at 25 °C
106 x[H 2O2]0 106 x [catalyst]0 106 x [le ]0 10  x cW&s/dto
mol dm“3 mol dm"3 mol dm'3 s"1
0 5.3 130 0 a
154 5.3 130 -2.6 (± 0.1 )
307 5.3 130 -5 (±1.5)
461 5.3 130 -7.9 (± 3.0)
613 5.3 130 -8 (± 1 )
615 0 130 0 a
615 2.6 130 -2.7 (± 0.5)
615 4.0 130 -5.4 (±1.6)
615 5.3 130 -7.4 (±0.9)
615 6.6 130 -11.6 (±5.4)
617 5.4 47 -6.8 (±2.7)
617 5.4 79 -8.6 (± 0.3)
617 5.4 1 10 -9.8 (±2.4)
617 5.4 141 -9.6 (±0.9)
a No reaction in the absence of either H20 2 or catalyst
Despite the rather large scatter in the points of Figure 31 and Figure 32, it is clear 
that the data are best fitted by a first-order dependence of cU6s/dt0 on the 
concentration of H20 2 and of catalyst.
124
Chapter 4 - K inetic study o f the oxidation o f two hydroxynaphthoquinones
10 x [Catalyst] (mol dm' )
Figure 31 Plot o f rate against catalyst concentration for the oxidation of 2-(4-tert- 
butylcyclohexyl)-methyl~3-hydroxynaphtho-1,4-quinone le  by hydrogen peroxide, catalysed by 
fe/raHs(pentafhioro-phenyl)porphine iron(IH) chloride. [le] = 1.3 x 10'4 mol dm'3; [H20 2] = 6.15 
x 10'4 mol dm'3; solvent: methanol-dichloromethane (3:1),
4-»73
Oyhi
10* X [H20 2] (mol dm 3)
Figure 32 Plot of rate against peroxide concentration for the oxidation o f 2-(4-tert- 
butylcyclohexyl)-methyl-3-hydroxynaphtho-l,4-quinone le  by hydrogen peroxide, catalysed by 
?e?ra/a'.s(pentafluoro-phenyl)porphme iron(III) chloride, [le] = 1.3 x 10'4mol dm'3; [Catalyst] = 5.4 
x 1 O'6 mol dm'3; solvent: methanol-dichloromethane (3:1).
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In contrast, the dependence on [le] was, at higher levels of le , approximately 
zero-order and overall dAbsl&X is given by equation (3).
Since it is reasonable to expect during the early part of the reaction, i) that 
[catalyst] is constant and ii) that H2O2 is in excess, equation (3) should result in an 
apparent zero-order plot of Abs vs. time. This is clearly reflected in the plot of 
Figure 30, which illustrates the ‘initial7 linearity of the Abs vs. time plot over 50% 
of the reaction.
The form of equation (3) is consistent with the generally-accepted mechanism of 
reaction shown in the scheme which involves slow rate-limiting conversion of the 
catalyst to an oxidised intermediate which then transfers oxygen to the 
naphthoquinone substrate in a fast step.
Scheme 35 Formation o f oxidised catalyst in a rate-limiting step, followed by fast reaction with 
hydroxynaphthoquinone.
AAbsl&t oc [H20 2].[catalyst] (3)
Oxidised
catalyst
1 Product +
> Catalyst
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For this scheme it can be shown that drfAs/dt is given by equation (4) where k2 is 
the second-order rate constant for oxidation of catalyst. *
-dAbsldt -  {{Abs0 ~ AbsJ/[U]0} Jc2". [H20 2].[catalyst] (4)
The value of the term (Abs0 - rfAvoo)/[le]0 was found to be 12200 ± 460 dm3 mol'1. 
From the slope of the &4&s/dt0 vs. [H20 2]o at constant [catalyst]o plot (Figure 32) a 
value for k2" of 2 1  s' 1 dm3 mol' 1 can be calculated; while the JAbsl&Q vs. 
[catalyst]0 plot (Figure 31) gives k2 as 21 s' 1 dm3 mol'1. Despite the apparent 
close agreement, the uncertainty in some of the raw data averages ca. ± 20% as do 
the accumulated uncertainties in derived values (resulting from the standard 
deviations to the slopes of Figure 31 and Figure 32, concentrations, etc.). In view 
of this, a value for k2 of 22 (± 5) s' 1 dm3 mol' 1 is quoted. It should be noted that 
this value is significantly lower than that obtained by Traylor under similar 
conditions of solvent and oxidant, but using 2,4,6-tri(fe/t-butyl)phenol or (3- 
carotene as substrate.56
3 .  D i s c u s s io n
The general mechanism shown in Scheme 35 for metalloporphyrin-catalysed 
alkene epoxidation is widely accepted. However, the nature of the ‘oxidised 
catalyst’ has been the subject of much debate especially when fonned from 
reaction with hydrogen peroxide (as here) or hydroperoxides (ROOH). One
* Derivations o f kinetic equations are as shown in the Appendix to Chapter 4.
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school of thought favours an oxo-ferryi species por-FeIV= 0  formed by homolysis
Scheme 36 Two proposed mechanisms for the formation of an oxidised intermediate from n on 
porphyrin catalyst and hydrogen peroxide.
Traylor has studied epoxidation by this catalyst with hydroperoxides and 
hydrogen peroxide and has presented convincing evidence for the heterolysis 
mechanism.56,57a in particular, the high yield and efficiency of the epoxidation 
reaction, as seen here for the hydroxynaphthoquinones, is admitted even by those 
of the ‘homolysis’ school to be compelling evidence for the involvement 
(although not necessarily formed in the first or rate-limiting step) of the 
heterolysis intermediate por ,+-FeIV= 0 .55a’68 A similar conclusion in favour of the 
intermediacy of por+-FeIV= 0  has been reached by Artaud and Mansuy for 
oxidation involving (F2oTPP)FeCl and H20 2 under the same conditions as in this 
work.57b The ‘epoxidation factor’, so prominent here, is therefore difficult to 
reconcile with anything other than involvement of the por,+-FeIV= 0  species in 
oxidations of the hydroxynaphthoquinones here. In light of this it is interesting to 
note that the value of the second-order rate constant k f  obtained from the
of the peroxide,67 the other an oxo-perferryl species porFev= 0 ,56 or, more likely, 
por *+-FeIV= 0  formed by heterolysis.
(por)Fe,V=0 + *OH + H+ (homolysis)
(por)Fe(lll) + H20 2
(por+)Felv=0 + H20  (heterolysis)
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oxidation of the hydroxynaphthoquinone 1 at 22 (± 5) s"1 dm3 mol' 1 is
I T  1significantly lower than the value of 190 (± 25) s' dm mol' obtained by Traylor 
and co-workers from the oxidation of 2 ,4,6-tri-te/t-butylphenol using the same 
catalyst, oxidant and solvent.56 A possible reason for the discrepancy is oxidative 
destruction of the catalyst - a point often overlooked in such studies. Even with a 
reactive substrate such as 1 which (by TLC analysis) leaves unbleached catalyst at 
the end of the reaction, a degree of catalyst bleaching is found upon analysis of 
the reaction by UV-vis spectroscopy. In a study of cyclooctene oxidation using 
this catalyst under conditions according to Traylor,56 ca. 50% destruction of the 
catalyst was observed during the course of the reaction.69 Clearly, such extensive 
destruction of catalyst makes kinetic analysis by a first-order approach less 
reliable, and the initial-rate method, where catalyst destruction is not (yet!) 
significant gives more reliable data. An alternative possibility is an inhibiting 
influence of substrate on the reaction of catalyst with oxidant. However, in this 
study, there is no evidence for such an interaction.
In the absence of hydroxynaphthoquinone substrate the initial catalyst (Amax = 
404, 485 and 580 nm, MeOH) is seen to be transformed into an intermediate A 
(Amax ~ 408 and 550 nm, MeOH) before slower bleaching. The question arises as 
to the nature of the intermediate, the transformations occurring during the 
bleaching process and its relevance to the substrate-oxidising catalytic cycle. 
Despite a wealth of literature reports on high-valent oxidised intermediates,70 the 
identification of such species is still difficult. Much evidence points to the key 
species in the epoxidation cycle (vide supra) being the iron(IV)-oxo radical cation
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porphyrin species, (F20TPP“+)FeIV=O, but it is unlikely that compound A is this 
species. Firstly, the UV-vis spectrum is not typical of (F20TPP‘+)FeIV=O; in 
particular there is no evidence for the absoiption above 600 mn typical of the
A
radical cation. Furthermore, such oxo-perferryl species are generally only seen 
at low temperature.71 The UV-vis spectrum of A, particularly the small peak ca. 
550 nm, suggests that it is the oxo-ferryl species (F20TPP)FeIV=O.70h
(p o r+)F e ^ sO
Scheme 37 Formation of an oxidised intermediate from metalloporphyrin and hydrogen peroxide.
The kinetics of both formation and of destruction (bleaching) of A are interesting 
since both steps appear to be first-order in catalyst and H20 2. Intermediate A 
could be formed either via (F20TPP‘+)FeIV=O (route a) or direct from the resting 
catalyst (route b). The second-order rate constant k2 for formation of A in the 
absence of naphthoquinone 1  (26 s' 1 dm3 mol ■'), is of the same order of 
magnitude as the k2 [22 (± 5) s"1 dm3 mol"1] for catalysed oxidation of
hydroxynaphthoquinone 1  (which latter value, it has been argued, reflects rate- 
limiting formation of the (F20TPP’+)FeIV=O intermediate). This is difficult to 
rationalise in terms of the simple route b mechanism since the rate constant for 
this process would have to be much faster than that for route a in order to prefer 
formation of A ((F20TPP)FeIV=O) over the ‘route a’ formation of 
(F2oTPP,+)FeIV=0. Furthermore, the suggestion of Bruice that (por‘+)Felv= 0  is
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formed in a rapid step subsequent to rate-limiting formation of (por)FeIV=:0  is 
also ruled out by the observation of what appears to be almost quantitative build­
up of A during the first minutes of the reaction; under the Bruice mechanism, A 
would be a ‘steady-state’ reactive intermediate.683
The fact that the rate constant for formation of A is so close to that attributed to 
formation of (F2oTPP0+)FeIV=0, and that the rate depends on [H20 2], is best 
interpreted in terms of route a with rate-limiting oxidation of catalyst to 
(F20TPP’+)FeIV~O followed by rapid reduction to A. The most likely reductant is 
H20 2 itself. This mechanism has been proposed by Traylor for other 
metalloporphyrins, e.g. (TMP)FeCl,® to explain, among other things, the decrease 
in yield for perfluoroiodosylbenzene- or meta-chloroperbenzoic acid-generated 
(por‘+)FeIV= 0  alkene epoxidation in the presence of hydroperoxide or H 20 2 57h’72
In the presence of excess H20 2 compound A is slowly bleached. In general the 
metalloporphyrin oxidative decomposition process is poorly understood. Quici 
has noted three decomposition routes for oxidised metalloporphyrins such as A: i) 
oxidative decomposition of the porphyrin ring, ii) formation of p-oxo dimers and 
iii) ‘suicide inhibition’ i.e. reaction of the substrate (or an intermediate) with the 
porphyrin ring.55b In addition a mechanism involving nucleophilic attack on an 
oxidised metallo-porphyrin intermediate has been proposed. The use of 
metallo-fc/raarylporphyrins with ortho substituents to the aryl ring is a well-
® (TMP)FeCl = 5,10,15,20-tetra/tfs(2,4s6-trimethylphenyl)“21//,23iY-porphine iron(III) chloride.
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established tactic to reduce dimer formation,74 while the use of electron- 
withdrawing substituents to the aryl ring is believed to reduce (unspecified) 
oxidative catalyst destruction.74 Decompositions by oxidation of the porphyrin 
ring are the least well characterised, but an important mode appears to involve 
reaction of the unoxidised metallo-porphyrin with an oxidised form such as 
(por)FeIV= 0  (e.g. A)75 or (por‘+)FeIV= 0 .76 However, being bimolecuiar, this 
mode can be suppressed by the use of sterically-hindered (e.g. wt/?o-substituted 
meso-myl groups) metallo-porphyrins.77 In the present work the lack of second 
order dependence of the [catalyst] precludes this as a major decomposition route. 
Furthermore, an intramolecular ‘self-oxidation’, would show a first order 
dependence on [A] only. Instead, the kinetic dependence of the decomposition of 
A on [H20 2] indicates an oxidative decomposition which probably involves 
oxidation of the porphyrin ring by H20 2; this is despite the presence of the 
strongly electron-withdrawing pentafluorophenyl m&so-substituents, This is a 
decomposition route which is not commonly cited, although it has been proposed 
for decomposition of haem undecapeptide (microperoxidase 1 1).78
In conclusion it has been shown that the rate-limiting step in the (F20TPP)FeCl- 
catalysed H20 2-oxidation of hydroxynaphthoquinones is formation of an oxidised 
metallo-porphyrin intennediate. The results also provide further support for this 
being an oxoperferryl species, (por+)FeIV=0, but formed with a rate constant for 
formation significantly slower than previously quoted. In the absence of 
hydroxynaphthoquinone substrate, the fenyl species, (F20TPP)FeIV=O, is the 
predominant oxidised intermediate, most likely fonned via (F20TPP e+)FeIV=0.
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Finally, this intermediate decomposes via H20 2 oxidation, probably of the 
porphyrin ring, to give a bleached product.
4 . E x p e r im e n t a l
4 .1  M a te r ia ls
Methanol (HPLC grade) and dichloromethane (general purpose grade) solvents 
were obtained from Fisons and were used as received. Hydrogen peroxide (30% 
w/v) was purchased from BDH Laboratory Supplies; concentrations of solutions 
prepared from stock were determined by UV-visible spectroscopy (s242= 39.4 dm3 
mol"1 cm' 1).79 Stock solutions of catalyst were prepared in chloroform.
4 .2  A p p a r a tu s
All UV-visible spectra and kinetic experiments were recorded on a Philips PU87 
spectrometer. Kinetic results were downloaded to a PC for processing. Quartz 
UV cuvettes (max. volume ca. 3 cm3) were of path length 10.0 mm and were 
capped with Teflon stoppers. Aliquots of stock solutions were injected using 25 
and 100 mm3 syringes.
4 .3  R e a c t io n s
4.3.1 Activation of catalyst by hydrogen peroxide
4.3.1.1 Initial experiments
A UV cuvette was charged with methanol (2.0 cm3) using a volumetric pipette. 
Subsequently, catalyst (3.4 x 104 mol dm'3 stock, 25 mm3, 4.2 x 10'6 mol dm'3 in 
cell) was injected using a 25 mm3 syringe. After allowing ca. 5 min for 
temperature equilibrium (25°C), the absorbance spectrum at 350-470 nm was
133
Chapter 4 - Kinetic study o f the oxidation o f ftvo hydroxynaphthoquinones
recorded. Hydrogen peroxide (0.175 mol dm'3 stock, 2.5 mm3, 2.2 x 10'4 mol 
dm'3) was injected (25 mm3 syringe) and the UV spectrum recorded after 1 min, 
then every minute for 20 min. The procedure was repeated at an oxidant 
concentration of 8.8 x 10 '4 mol dm'3.
4.3.1.2 Kinetic experiments
Reactions were monitored at 408 mn at 15 s, then every 5 s or every 10 s for 8 
min or 16 min (99 cycles), otherwise procedure as section 4.3.1.1. [Catalyst], 4.2 
x 10‘6 mol dm'3; [hydrogen peroxide], 8.64 x 10"5, 1.73 x 10'4, 2.58 x 10'4, and 
3.45 x 10 '4 mol dm'3. As changes in absorbance were approaching the limit of 
determination of the instrument (total change in absorbance ca. 0.05, see Figure 
33), values for /cobs were calculated at either end of a range of possible values for 
Ainfinity; this was taken to be the value at which the increase levelled off before the 
slower subsequent decay. In calculating /cobs, the reaction was assumed to be first 
order in metalloporphyrin. Runs were made at least in duplicate; values are 
collected in the Results section.
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Figure 33 Typical plot showing formation of metalloporphyrin-derived species at 408 nm with 
time on addition o f hydrogen peroxide to a solution of fe/ra/cw(pentafluorophenyl)porphine iron(III) 
chloride in methanol.
4.3,2 Decomposition of activated catalyst (408 nm species)
4.3.2.1 Preliminary experiments
A UV cuvette was charged with methanol-dichloromethane (3:1, 3.0 cm3) and 
catalyst (3.4 x 10'4 mol dm'3 stock, 39 mm3, 4.4 x 10'6 mol dm"3). The UV 
spectrum was recorded across the range 300-700 nm before injection of hydrogen 
peroxide (0.18 mol dm'3 stock, 73 mm3, 4.3 x 10“3 mol dm'3) to initiate the 
reaction. Spectra were recorded at 1, 3 and 5 min, then at intervals up to 125 min.
4.3.2.2 Kinetic experiments: initial rates method (variation of hydrogen 
peroxide concentration)
A stoppered UV cuvette was charged with methanol (2.0 cm3) and catalyst (3.4 x 
10'4 mol dm"3 stock solution in chloroform, 25 mm3, 4.1 x 10'6 mol dm'3) and 
allowed to come to equilibrium at 25°C before addition of hydrogen peroxide (2.0 
x 10'4 mol dm'3 stock, 24, 50 or 100 mm3, 3.9 x 10'4 mol dm'3 stock, 75 or 100
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mm3 to give series of [hydrogen peroxide]: 2.3 x 10"3, 4.8 x 10'3, 9.3 x 10'3, 1.4 x 
10 '2 and 1.8 x 10'2 mol dm'3). Absorbance at 408 nm was measured after 15 s, 
then every 5 s for 8 min. Runs were made in duplicate.
4.3.2.3 Kinetic experiments: initial rates method (variation of catalyst 
concentration)
A UV cell was charged with methanol (2.0 cm3). Catalyst (3.4 x 10'4 mol dm'3 
stock solution in chloroform; 5, 10, 15 or 25 mm3, to give [catalyst] = 1.7, 2.5,
3.3 and 4.1 x 10'6 mol dm'3) was injected using a 25 mm3 syringe, and the cell 
allowed to come to temperature equilibrium (25°C) for ca. 5 min. Subsequently, 
hydrogen peroxide (0.174 mol dm'3 stock solution in water; 50 mm3 to give 
[hydrogen peroxide] = 4.19 x 10'3 mol dm"3) was injected using a 100 mm3 
syringe, the UV cell was stoppered and shaken, and the absorbance at 408 nm 
measured at 15 s, then every 5 s for 99 cycles (8.5 min). Runs were made in 
duplicate.
4.3.2.4 Kinetic experiments: observation of reaction over 1.5 to 3 half-lives 
(variation of hydrogen peroxide concentration and first-order analysis)
Observation of the reaction over more than one half-life was carried out as 
described in section 4.3.2.2, and at the same concentrations of catalyst and 
hydrogen peroxide. The absorbance at 408 mn was measured every 5 min, or 
every 2 min at higher concentrations of hydrogen peroxide. The reactions were 
followed to completion, when no further decrease in absorbance was observed/*
1X In a few cases, the absorbance was seen to increase slightly, after appearing to have levelled off. 
This was attributed to evaporation of solvent during the course of the reaction, leading to a
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The lowest absorbance recorded was taken as A i n f in i1 y ,  ln(absorbance - A j n f i n i ty )  vs. 
time was plotted, and the slope measured over the linear part of the plot (ca. 1.5 -
3.0 half-lives).
4.3.3 Oxidation of 2~cycIoheptyL3-hydimynaphtho-l94~quinone 
l c
4.3.3.1 Preliminary experiments
(F2oTPP)FeCl (11.4 mg) was weighed into a 10 cm3 volumetric flask and 
dissolved in methanol-dichloromethane (3:1) to give [catalyst] = 1.07 x 10'3 mol 
dm'3. 2-Cycloheptyl-3~hydroxynaphtho-l,4-quinone lc  (10.3 mg) was weighed 
into a 25 cm3 round-bottomed flask and dissolved in 1.0 cm3 catalyst solution. 
The flask was stoppered and immersed in a water-bath at 25°C. After 5 min, 
hydrogen peroxide (30% w/v, 4.5 mm3) was added to the reaction solution. After 
10  min, a sample (8 mm3) was taken from the solution and injected into methanol 
(2.0 cm3) in a UV cell, and the spectrum recorded over the range 190-700mn. 
Further spectra were recorded in a similar manner after 70 min and 19 hours 
reaction time. A further aliquot of hydrogen peroxide (4.5 mm3) was then added, 
and the spectrum recorded after 10  min.
concentration of the solution, which in turn would be expected to result in a faster observed rate of 
reaction.
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4.3.3.2 Kinetic results
Stock solutions were prepared as follows:
Catalyst: As section 4.3.3.1 (1.07 x 10"3 mol dm'3).
H20 2: 30% w/v solution (1.0 cm3) made up to 50.0 cm3 with water (1.56
x 10 '3 mol dm'3, determined spectrophotometrically).
4.3.4 Oxidation of 3-(4-ter/-butylcyclo-hexyI)-methyl-2- 
hydroxynaphtho-1,4-quinone le
Preliminary experiments were carried out the stock solutions of catalyst and 
oxidant. A stock solution of the substrate was prepared by dissolving le  (10.4 
mg) in methanol-dichloromethane (3:1, 2.0 cm3, 1.59 x 10'2 mol dm'3). Reactions 
were earned out at various concentrations of substrate, catalyst and oxidant. In 
each case, a UV cell was charged with methanol-dichloromethane (3:1, 2.0 cm3), 
then the appropriate amounts of substrate and catalyst stock solutions were 
injected using a syringe After allowing a short time (> 5 min) for the solution to 
come to temperature equilibrium (25°C), the reaction was initiated by injection of 
the appropriate amount of hydrogen peroxide stock solution.
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Table 12 shows the starting concentrations of reactants in solution. The reaction 
was monitored at 283 nm at intervals of 60 or 90 s for 99 cycles (1.6-2.5 hours); 
this was sufficient time for absorption at 283 mn to reach a constant, i.e. no 
further consumption of hydroxynaphthoquinone was evident. Absorbance 
maxima at 253 and 283 mn were observed in the UV spectrum of the substrate 
(s283nm = 14000 dm3 mol'1 cm'1).
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Table 12 Summary o f kinetic runs carried out at various concentrations of substrate, catalyst and 
oxidant.
le  (mol dm'3) Catalyst (mol dm'3) Oxidant (mol dm'3)
1.3 x 104 5.3 x 104 1.5,3.1, 4.6, 6.1 xlO 4
1.3 xlO 4 2.6,4.0, 5.3, 6.6 x 10'6 6,15 xlO 4
4.7, 7.9,11, 
14 x 10'5
5.4 xlO 4 6.2 x 104
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From (1) dAbsldX = x.[H20 2].[A]
At any time during the reaction A bstotal = A bsm  + rf&sproduct where A bs408 and 
rf/^ product are absorbances due to A and to ‘decomposition’ product, respectively.
SO rffototal = S408[A] + Sproduct[produCt]
If [product] = [A]0 - [A] then....
A bstotal “  S408[A] + Sproduct [A]o " Sproduct [A]
Spj-oduct [A]o + (^ 408 “ Sproduct)[A]
Differentiating gives ... -drf&s/dt = - (s408 - spr0dUCt).d[A]/dt
So -drfAs/dt = - (s408 - Sproduct)-d[A]/dt = - x.[H20 2].[A]
and rearranging gives d[A]/dt + [H20 2].[A] = - x/(s408 - sproduct).
But by definition k2 = - d[A]/dt + [H20 2].[A] so this means that.. 
k2 ~  x/(S408 “ Sproduct) that X — (S408 “ Sproduct)- k2 
and drffo/dt = (s408- sproduot)-^ 2-[H20 2].[A]
Now at t = 0, A bs  '0 = s4ob[A]0 (This is, in effect, the absorbance that would be 
due to A if it were ‘instantaneously’ formed; so A bs  ’0 is the absorbance due to the 
‘initial’ concentration of A 
while at t = oo, Abs^ =  eproduct[A]o 
So (S408 “ Sproduct) (Abs 0 - rf//LS,OD)/[A]o
Assuming that all 2 is converted to A, the value of [A]0 is (within the leeway of 
the initial-rates method) = [2]0, so ... (e408 - sproduct)= (A bs o - rffeco)/[2]0
and... -dAbs/dt -  {(Abs’0 -Absf)l{2~\0}.k2. [H20 2].[A]
Derivation o f equation (2):
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Derivation of equation (4):
Assuming the stoichiometry as written in the scheme,...
-d[H20 2]/dt = -d[le]/dt = k2".[ H20 2]. [catalyst].
In addition at any given X....
Abs (total) -  Abs (H20 2) + Abs (catalyst) + Abs (le) + Abs (product).
-  0 + Abs (catalyst) + Sie.[le] + sproduct- [product] at X -  283 mn 
= Abs (catalyst) + elc.[le] + eproduct.([le]o - [le]) since [product] = [le ]0 - [le]
” Abs (catalyst) + sProduct[le]o (&ic ” p^roduct)-[le]
Differentiating gives....
-d Abs/dt = -(sie - sproduct)-d[le]/dt + dAbs (catalyst)/dt = (sie - eproduct). ki - [  
H20 2].[catalyst] + dAbs (catalyst)/dt
Considering the s values gives...
at t = 0, rf^ 0(total) = Abs (catalyst)0 + rffo0(le)
= Abs (catalyst)0 + sle.[le]o, so Eie = (Abs0 - Abs (catalyst)0)/[le]0 
at t -  oo, AbsrJ, (total) -  Abs (catalyst)«, + Abs^ (product)
= Abs (catalyst) „ + 8product. [product]» 
but [product] w = [le ]0
so Abs0o (total) =  Abs (catalyst) <*> + sproduct. [le]0, so eproduct = (Absm - Abs (catalyst) 
co)/[le]o
142
Appendix to Chapter 4
therefore, (sie - e prodUct) = (Abs0 - Abs (catalyst)0)/[le]0 - (Absm - Abs (catalyst) 
<»)/[le]o
-  {(Abs0 - AbSoo) - (Abs (catalyst)0- Abs (catalyst) oo)}/[le]0.
However, in separate expts. it was noted that Abs changes due to 
oxidation/destruction of catalyst and loss of H20 2 at 283 nm were small compared 
to those due to le , i.e. (Abs0 - Absfi) »  (Abs (catalyst)0 - Abs (catalyst) «,) and 
therefore (sie - eproduct) ~ (Abs0 - and dAbs (catalyst)/dt» 0.
Finally....
-d Abs/dt =  {(Abs0 - rf^ w)/[le]0}. k f .[ H20 2],[catalyst]
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